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Abstract 
 
The detection and control of American Foulbrood (AFB) is made more 
challenging due to a lack of evidence regarding the virulence mechanisms 
employed by this honeybee pathogen. Whilst incidence of this pathogen within 
the UK has recently declined, ~100 colonies were identified as infected with 
AFB in 2011 (to end of September), so AFB should still be considered a serious 
threat to honeybee health. It is known that within the species many phenotypes 
exist, and the infection caused by the phenotypes differs greatly. This PhD thesis 
presents several advances towards a greater understanding of the intra-specific 
differences occurring within the species. Chapter 2 evaluates the use of 16S 
rRNA sequencing as a method of Paenibacillus larvae identification, as well as 
exploring the use of this ribosomal subunit for differentiation of the species. The 
sequencing of two housekeeping (purH and PyrE) genes assesses the potential of 
a Multi Locus Sequence Typing (MLST) method, as a means of subspecies 
differentiation. Chapter 3 assesses what can be inferred from use of 
Enterobacterial Repetitive Intergenic Consensus (ERIC) sequence fingerprinting, 
with regards to prior knowledge genetic differences. Lateral Flow Devices 
(LFDs), a commonly used diagnostic tool, are tested to ensure P. larvae isolates 
representing all 4 ERIC types are detected. In Chapter 4 an in-vitro honeybee 
rearing method is employed to observe the correlation between proteolytic 
activity of isolates and in-vitro virulence. The method is applied to a wider range 
of reference isolates, to observe the intra-species differences existing. The ability 
to produce large numbers of viable spores is explored as a potential difference 
existing between ERIC types I and IV. Whole genome shotgun sequencing is 
used in chapter 5 to perform comparative genomic studies on 4 P. larvae isolates 
also utilising 646 contigs from a previous sequencing project. The possible 
presence of plasmid DNA is explored, through GC content analysis. The genetic 
basis of a sporulation phenotypic difference is examined by BLAST analysis of 
orthologous genes. In Chapter 6 the findings of this thesis are discussed in more 
detail, and potential areas of further study are identified.  
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Chapter 1  
General Introduction 
 
1.1. An overview of American Foulbrood 
 
The Office International des Epizooties (OIE), the Organisation for Animal 
Health classified American Foulbrood (AFB) as belonging to list B, defined as 
‘transmissible diseases which are considered to be of socio-economic and/or 
public health importance within countries and which are significant in the 
international trade of animals and animal products’ (de Graaf et al. 2006a). 
Despite its name, AFB is found worldwide (Matheson 1993), and it appears AFB 
can be found anywhere that bees are reared in artificial hives. Some studies have 
been carried out on feral colonies (Fries et al. 2006), but in countries with kept 
bees, so it is unknown if the disease originates in the feral colonies or is 
transferred to them. How the disease spreads is not well understood: beekeepers 
and bee keeping practices are believed to spread the disease (Brown et al. 2007). 
The epidemiology of the disease in feral colonies is not understood, neither are 
the origins of the disease. It is unlikely that beekeeping practices are solely 
responsible for the transmission of the disease, as historically the spread of AFB 
between countries cannot be explained by beekeeping practices as the production 
of honey and sourcing of hive components and bees would be performed locally. 
The More Economically Developed Countries (MEDCs) policy of importing 
rather than producing queens and honey is likely to have had an effect on the 
transmission of AFB. Previously transmission was likely indirect or accidental 
(via stowaway insects etc.) rather than direct transmission that is now possible 
due to the importing of items such as bees and honey (Ritter 2003). 
 
1.1.1. AFB Symptoms 
 
Typical symptoms of AFB are brown or black larvae that leave very viscous 
remains of that same colour. These remains can be drawn out to approximately 
! ! %&'()*+!,!!
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one inch using a matchstick, often referred to as the “ropiness” test. Beyond this 
point the remains start to dry out and reduce in size until a very small and well-
adhered patch of spores (termed a “Scale”) is barely visible at the bottom of a 
cell. These are rarely seen as infections are usually caught early on. It is 
estimated that these scales can contain up to 100,000 AFB spores (Brown et al. 
2007). 
 
1.1.2. Infectious dose of AFB 
 
AFB infects honeybee larvae rather than adult bees (Wilson 1971), and can only 
infect during the first 14 days of larval development. Beyond this time larvae are 
able to withstand extremely high doses of spores with no infection developing 
(Williams 2000). Spores can be transported in honey, providing a medium in 
which they can survive for long periods of time (Dustmann and von der Ohe 
1997; Haseman 1961). If the honey is used to feed hives then any spore 
contamination could result in a diseased hive. Twenty spores constitute the LD50 
of a one-day-old larva, however millions of spores are needed to infect a 4-5 day 
old larva (Ratnieks 1992). Until recently studies have not been carried out on 
honey to check for AFB spores, even though many countries collect honey 
samples to check its quality (Antúnez et al. 2004). In a recent Uruguayan survey 
52 out of 101 samples contained AFB spores (Antúnez et al. 2004), showing that 
contaminated honey has the potential to be very widespread and of global 
importance with a high volume of international trade. 
 
1.1.3. Probable Route of Infection 
 
It is possible to hypothesise this model of infection; young larvae ingest the 
spores and once in the mid gut they germinate and grow due to the larval diet of 
sugars (Haydak 1970). Here the bacteria are able to thrive with the larval diet and 
gut conditions providing near optimum growth conditions (Yue et al. 2008). 
After massive proliferation the bacteria are transferred across the gut wall and 
are internalised within the larvae (Yue et al. 2008). In the absence of the sugary 
larval diet the conditions become unfavorable for vegetative cells so levels of 
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sporulation increase. Upon sporulation proteases are produced (Dancer and 
Chantawannakul 1997) digesting the larvae to support vegetative growth or 
provide a protective environment for the storage of spores. The proteolytic action 
soon digests the entire larvae and eventually all that is left is the decaying 
remains (Genersch et al. 2005). These remains dry to form AFB scales that 
adhere tightly to the bottom of the cells (Genersch et al. 2006). 
 
1.1.4. AFB Resistance 
 
Although resistance to AFB can occur naturally within the environment, a recent 
study suggests that the ‘cost’ of such resistance may affect survival rates, 
development rates or possibly productivity levels as an adult worker bee (Evans 
and Pettis 2005). This could at least partly explain why it is managed colonies 
that become infected with AFB. In the wild, resistant phenotypes would be able 
to become dominant, as they would be able to survive an AFB infection. New 
AFB resistant queens will be created, and this in turn will lead to new AFB 
resistant colonies. However commercial beekeepers carry out this natural process 
themselves by selective breeding, to produce better colonies or increase 
productivity. Breeding for increased productivity, may come at the cost of 
greater susceptibility to AFB and other diseases (Alippi 2001). 
 
1.2. Paenibacillus larvae: the causative agent of 
AFB 
 
Paenibacillus larvae is a gram positive elongated rod shaped bacterium (Lauro et 
al. 2003). The ability to form spores is one of the reasons it has such devastating 
effects on honeybees (Apis mellifera) where it causes the disease American 
Foulbrood (AFB) (Ashiralieva and Genersch 2006). P. larvae produces small 
spherical colonies when grown on Brain Heart Infusion agar. The colonies are 
cream in colour with a very smooth appearance. Some strains of P.larvae are 
able to produce a red pigment and often produce colonies ranging from cream 
with a red centre to almost entirely red colonies, these colonies are often slightly 
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smaller in size but share the same morphological characteristics in all other 
aspects (Heyndrickx et al. 1996). 
 
1.3. Taxonomy of Paenibacillus larvae 
 
Bacillus larvae (White 1906) was originally identified as the causative agent of 
AFB. Katznelson (1950) isolated bacteria from an infected hive that had initially 
been diagnosed as AFB, the symptoms produced however were somewhat 
different. Upon laboratory culturing and analysis this organism was classified as 
Bacillus pulvifaciens however, it was not determined whether B. pulvifaciens 
was a contaminant after death or the causative agent. 
 
1.3.1. Revision of the Bacillus genus 
 
These classifications remained for many years until it was realised that the genus 
Bacillus was extremely divergent. For organisms to be placed in the Bacillus 
genus they were required to be rod shaped and to produce spores under aerobic 
conditions. However the phenotypic characteristics of the genus ranged from 
alkalophiles to strict aerobes and thermophiles to halophiles. Researchers looked 
for new ways to classify the organisms within this genus, In 1993 newly 
available technologies were used to study rRNA sequences, by examining the 
differences in the ~1.5kb subunit they were able to show that several species 
believed to be from the Bacillus genus formed a distinct out-group (Ash et al. 
1993). They proposed that this out-group should be re-classified as the genus 
Paenibacillus. The Latin name Paenibacillus refers to the Latin word paene 
meaning nearly or almost, this reflects the close relationship in existence 
between Bacillus and Paenibacillus. At this time several species including 
Bacillus larvae and Bacillus pulvifaciens were transferred to this new genus. On 
phylogenetic trees produced it was clear to see that P.larvae and P.pulvifaciens 
were more closely related than other strains belonging to the new genus 
(Heyndrickx et al. 1996; Shida et al. 1997a; Shida et al. 1997b). 
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Characteristic or test P. larvae P. pulvifaciens 
Motility1 V V 
Ellipsoidal spores1 + + 
Central and subterminal spores1 + + 
Swollen sporangia1 +/- +/- 
Anaerobic growth1 + + 
Thiamine requirement1 + - 
Esculin hydrolysis1 + + 
Arginine dihydrolase1 - + 
Casein hydrolysis1 + + 
Citrate utilization1 - - 
Hydrogen sulfide production1 - - 
Indole production1 - - 
Gelatin liquefaction1 + + 
Nitrate reduction1 V V 
Urease1 - - 
Voges-Proskauer1 V V 
Acid from;   
N-Acetylglucosamine, D-glucose,  
glycerol, D-mannose, ribose,  
and D-trehalose1 
+ + 
Mannitol1 - + 
Salicin1 + - 
D-Fructose, D-galactose,  
methyl-D-glucoside,  
and D-tagatose1 
V V 
16S Sequence Similarity2 ~99% 
Table 1.1: Biochemical and 16S rRNA differences exhibited by strains of Paenibacillus 
larvae and Paenibacillus pulvifaciens (V = variable result). 1  (Heyndrickx et al. 1996) 2 
(Genersch et al. 2006) 
 
1.3.2. Subspecies Differentiation? 
 
Heyndrickx (1996) continued research on Paenibacillus and showed that P. 
larvae and P. pulvifaciens were, as suggested, more closely related and that two 
species actually belonged to the same species. These were reclassified as 
subspecies termed Paenibacillus larvae subspecies larvae (Pll) and 
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Paenibacillus larvae subspecies pulvifaciens (Plp). This reflected relatively 
minor differences observed between the groupings (table 1.1) combined with the 
observation that subspecies larvae was able to cause AFB and subspecies 
pulvifaciens caused a relatively benign disease called Powdery Scale. 
Differentiation to subspecies level was often considered to be an obstacle in the 
diagnosis of AFB, due to a high degree of similarity between the subspecies (de 
Graaf et al. 2006b). 
 
1.3.3. Latest Taxonomic Revision of P. larvae 
 
Genersch et al. (2006) dropped the subspecies differentiation be dropped as new 
methods and experimental data suggested the previous subspecies grouping did 
not reflect the organisms’ virulence.  Most studies on the differences of 
Paenibacillus strains focused on host tolerance and disease outcomes as these 
have been far easier to study; studies of pathogenic mechanisms and virulence 
factors have been limited by a lack of phenotypic studies of the organism 
(Genersch et al. 2005). A combination of data from several fingerprinting 
techniques, 16S rRNA sequencing, and API biochemical testing kits and, 
importantly, pathogenicity tests were carried out showing that several Plp strains 
were capable of being equally pathogenic and in some cases exhibited greater 
pathogenicity than Pll. As a result of these findings they concluded that the 
subspecies differentiation should be dropped and all isolates would be labelled as 
Paenibacillus larvae (Genersch et al. 2006). However in 2007 more data 
emerged which contradicted this, using SDS-PAGE it was found that all isolates 
of Paenibacillus larvae gave the same patterns excluding Plp which had at least 
3 protein bands that were absent from the rest of the results suggesting a 
significant difference in the organisms (Antúnez et al. 2007), however this study 
failed to perform pathogenicity tests on the isolates used. Without this data, the 
true relevance of those differences is not known. To the present date all isolates 
originally identified as Bacillus larvae or Bacillus pulvifaciens are now known as 
just one species Paenibacillus larvae, with no subspecies differentiations. 
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1.3.4. Isolate 6993: A non-pathogenic isolate? 
 
A previous project (Watkins et al. 2003) identified a strain of P. larvae as non-
pathogenic. This work focused around the creation of a bacterial bio-control 
strain, capable of protecting colonies from European Foulbrood (EFB) infection. 
Numerous tests showed that larvae fed with the bacterial spores of isolate 6993, 
were not susceptible to EFB infections. It was proposed that this strain should be 
further tested and validated as a bio-control for EFB. It was noted in some 
instances increased larval mortality were recorded; this was attributed to the 
incorrect dose of bacterial spores fed to the infant larvae. It was suggested that 
death was due to massive proliferation of bacteria within the larval gut but 
typical AFB symptoms were not displayed and none of these deaths were 
attributed to AFB infections. Shortly after the findings of this project, the 
subspecies differentiation was dropped. Further work was halted, as it would not 
be possible to validate a bio-control isolate that held the potential to cause AFB. 
 
1.3.5. Other Bacterial species found in hives 
 
Honeybee hives are not normally sterile environments; a wealth of bacterial 
species are routinely isolated from hive materials (Disayathanoowat et al. 2011; 
Kaltenpoth 2011; Martinson et al. 2011). Many of the species of bacteria are 
environmental isolates potentially found on plants or in soil; it is believed that 
these species are transported into the hive by foraging bees. Once within the hive 
the sugary and warm conditions provided are near optimum for most bacteria, 
these invading species colonise the area. Most of these species are not capable of 
causing disease, and are present in a commensal relationship. A study of the 
natural gut flora found in healthy Japanese honeybees (Apis cerana japonica), 
showed the presence of bacteria from the following genera Bacillus, 
Sphingomonas, Bartonella, Simonsiella, Serratia and Providencia (Yoshiyama 
and Kimura 2009). Whilst this represents a different country and a different 
species of honeybee, it still reflects the diversity of the normal gut flora. A study 
of honeybees affected by Colony Collapse Disorder (CCD) showed that bacteria 
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were present from Lactobacillus, Firmicutes, Bifidobacterium, Bartonella, 
Gluconacetobacter, Simonsiella and Gammaproteobacteria (Cox-Foster et al. 
2007). Whilst this metagenomic study represents unhealthy honeybees, it is not 
believed that a bacterium is responsible for CCD (Higes et al. 2009; Maori et al. 
2009). This highlights that honeybees around the world are likely to possess 
similar normal gut floras, with many similarities between the genera represented. 
 
1.3.6. Paenibacillus alvei: Honeybee friend or foe? 
A commonly isolated bacterium from hives is P. alvei (Djordjevic et al. 2000); 
the true relationship between honeybees and this bacterium is unknown. Whilst 
P. alvei can be isolated from healthy colonies, it is more likely to be isolated 
from colonies infected with AFB or EFB. P. alvei is unlikely to grow in the gut 
of healthy larva, instead becoming established in infected colonies (Bailey 1963). 
It has been suggested that this bacterium does not possess the ability to cause 
infection within infant larvae, but is a secondary infection capable of 
outcompeting pathogenic bacteria once the larva has succumbed to the infection 
(Hornitzky and Anderson 2003). P. alvei is capable of producing similar 
decaying larvae to that expected from an AFB infection (Djordjevic et al. 2000). 
No prevalence data exists for this bacterium, and it is not considered a notifiable 
disease. It is unknown what proportion of AFB or EFB infected hives contain 
this bacterium, and what affect its presence has on the symptoms observed. This 
organism is only detected if the causative agent of AFB or EFB is to be isolated 
for further study, as it is not an organism screened for routinely. P. alvei was also 
determined to be the cause of cellulitis in a Korean immunocompetent patient 
(Shin et al. 2005). Intravenous drug users or immune compromised patients were 
found to have bacteraemia caused by Paenibacillus (Bacillus) alvei, their 
weakened immune systems were predicted to be the reason for infection with a 
secondary honeybee larvae disease (Reboli et al. 1989). Despite these isolated 
incidents, P. alvei is not considered to be a human pathogen. 
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1.4. The Pathogenicity of P. larvae 
 
Unfortunately over the years the organisms’ pathogenicity has been neglected. 
Very little work has been carried out to discover why the organism causes such a 
deadly disease in young honey bee larvae. P. larvae has a very limited host 
range, no reports exist of P. larvae infecting other insects. It has been reported 
that intravenous drug users in Germany developed bacteraemia, after preparing 
methadone or illicit drugs with P. larvae contaminated honey (Rieg et al. 2010). 
These were isolated incidents and all subjects infected had previous medical 
conditions making them more susceptible to infection. P. larvae, like P. alvei, is 
not considered to be a human pathogen.  
 
Few if any studies have researched the underlying mechanism controlling 
virulence and to date, no virulence genes or even reliable virulence markers have 
been explicitly identified. It was originally thought that Pll caused AFB and that 
Plp caused a relatively benign disease Powdery scale. The subspecies grouping 
whilst not implicitly defined by virulence traits was determined to be an accurate 
representation of virulence. Reclassification of the isolates to exclude the 
subspecies differentiation, due to all tested isolates exhibiting in-vitro 
pathogenicity, suggests that previously observed differences between subspecies 
cannot be solely linked to the virulence of the organism.   
 
P. larvae forms large numbers of oval endospores within just a few days of 
infection (Yue et al. 2008). As noted in other endospore forming bacteria, the 
spores produced are highly resistant to heat and chemical agents and can survive 
in the environment for several decades (Setlow 2006). Only the endospores of Pll 
are capable of causing disease (Bakonyi et al. 2003). As with other devastating 
spore forming organisms, such as Bacillus anthracis, the spores remain in a 
dormant phase until more favourable conditions are detected. 
 
A recent study utilised fluorescence In-Situ Hybridisation (FISH) (Yue et al. 
2008) to observe the interactions between P. larvae and the honeybee digestive 
system during the course of an AFB infection. This was able to provide the best 
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overview of an AFB infection and the time course of an infection. Massive 
proliferation within the larval gut was shown, before P. larvae penetrated 
epithelial junctions causing a systemic, fatal, infection (Yue et al. 2008). The 
reason for penetration at the epithelial junctions still remains speculative due to a 
lack of supporting evidence.  
 
1.4.1. The proteolytic activity of P. larvae 
 
Both B. thuringiensis and P. larvae are insect larva pathogens producing similar 
liquefied larval remains. The symptoms caused by American Foulbrood would 
suggest the involvement of at least one protease working in a similar way to 
those found in Bacillus thuringiensis (Brar et al. 2007; Li and Yousten 1975; 
Oppert 1999). There are two schools of thought regarding the production and 
involvement of proteases in AFB infection. There is a consensus that proteases 
are involved, but there is no clear picture of the timing of production. Some 
suggest they are produced upon sporulation (Dancer and Chantawannakul 1997), 
which has been demonstrated in many Bacillus sp. (Andrews et al. 1985). Other 
research groups state that the production of proteases is more likely during the 
vegetative cell stage, also observed in a variety of Bacillus sp. (Tjalsma et al. 
2004).  
 
Dancer and Chantawannakul (1997)  were the first to suggest the involvement of 
metalloproteases, optimum conditions for these enzymes match those provided 
by the larval tissues and of the larval food sources. Metalloproteases have been 
linked to the virulence of several species of pathogenic bacteria from the Genus 
Bacillus (Chung et al. 2006; Fricke et al. 2001; Kim et al. 2004; Li and Yousten 
1975; Yu and Kroos 2000). A more recent study of metalloproteases in P. larvae 
has taken further steps towards identifying proteolytic activity as a major 
virulence factor. Using immunofluorescence and FISH shows that the protease is 
present in abundance within the vegetative cells and is released upon sporulation 
existing on the spore surface. The study went on to show damage to larval gut 
cells when the metalloprotease expressing cells were present compared to 
healthy gut cells in a non-infected larva (Antúnez et al. 2011). This study lacked 
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the production of a knockout mutant unable to express this metalloprotease. This 
would have proved the involvement of this particular metalloprotease, rather than 
simply implying its involvement. 
 
1.4.2. Is virulence plasmid mediated? 
 
Many other bacilli are able to cause disease due to the presence of virulence 
plasmids. Bacillus anthracis is able to cause anthrax a deadly disease of animals 
and humans mainly due to the presence of pX01 and pX02 plasmids containing a 
number of genes essential for survival and genes for toxin production (R 
Okinaka et al. 1999; Van der Auwera et al. 2005). Bacillus thuringiensis causes 
similar symptoms to P. larvae but in a wider range of insects due to the presence 
of plasmid acquired !-endotoxin crystals genes (Van der Auwera et al. 2005). 
Logically it is assumed that plasmids could be key to the virulence of P. larvae, 
however to date none of the 4 plasmids discovered can be linked with the 
virulence of the organism. The only plasmid to studied in detail, exists 
predominantly in North America; pMA67 confers tetracycline resistance 
(Murray et al. 2007) and is believed to be a response to the US method of dosing 
hives with oxytetracycline at the first signs of infection. To date there is no 
published evidence that British isolates of P. larvae have been found to contain 
plasmid pMA67 or any other plasmids. 
 
1.5. Detection of American Foulbrood outbreaks 
 
In the UK AFB has had a variable incidence rate over the last ten years, with a 
peak of ~275 infected colonies in 2002 numbers have since declined (excluding a 
brief rise in 2009), and at present ~100 colonies have been identified with AFB 
infections for 2011  
(https://secure.fera.defra.gov.uk/beebase/public/BeeDiseases/trendDiseaseChart.
cfm?id=10). At the first sign of infection, inspectors are informed and they 
undertake a visit to the apiary. The inspectors perform a visual inspection of the 
suspect colonies. After many years of experience in the field, inspectors can 
successfully diagnose a colony based solely upon visual inspection. To confirm 
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the infection a Lateral Flow Device (LFD) is used. If a positive result has been 
recorded, a sample is sent on to the lab at the National Bee Unit for further 
confirmation. A simple spore stain visualising the spores under a light 
microscope provides confirmation of an AFB positive colony. 
Bacteria can also be isolated from infected hive material. Once isolated further 
methods are required to confirm that the isolated bacterium is P. larvae, as other 
spore forming bacteria such as Bacillus sp. can also be isolated in this way. 16S 
rRNA sequencing seems to be the most reliable method so far. 
 
Although now rejected as a valid infra-specific classification of the species, the 
previous subspecies differentiation can provide useful information on intra-
specific variation amongst bacterial isolates. It has been shown that this 
differentiation does not reflect virulence but it has been shown that isolates 
identified as subspecies pulvifaciens are a divergent group of isolates within the 
species (Genersch et al. 2006).  
 
Currently the most efficient method of laboratory-based detection for bacterial 
and viral pathogens is considered to be PCR, and increasingly, Real-Time PCR. 
This proves problematic with species such as P. larvae due to high levels of 
sequence similarity both intra-species and within the genus (Heyndrickx et al. 
1996; Shida et al. 1997a; Shida et al. 1997b). Finding unique sequence data to 
design the primers and probe to can be very difficult. Several sets of published 
primers are available, however published data suggests they require further 
testing to ensure correct strain identification. A primer set is able to detect P. 
larvae isolates, although there is no data to show that the primers have been 
tested against former Plp, the closest relation tested appears to be P.alevi (Govan 
et al. 1999). A set of primers able to identify subspecies larvae isolates (Alippi et 
al. 2004) and a P. larvae nested PCR (Lauro et al. 2003) were more rigorously 
tested against a wider range of bacterial species. Potential is shown here for the 
ability to create a PCR based testing method but as it is not yet fully understood 
which isolates are pathogenic, it remains unknown what such an assay should 
target. 
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The goal for PCR based P. larvae identification is to create an assay to detect 
pathogenic strains of P. larvae; this would require a pathogen-specific sequence 
that is unique to pathogenic strains. This requires primers that target the genes 
directly responsible for virulence, or another marker consistently linked to 
virulence. To date, no such markers are identified, and indeed intra-species 
differences in pathogenicity are not understood. 
 
1.6. Control of American Foulbrood 
 
Under the Bee Diseases and Pests Control (England) Order, AFB is a notifiable 
disease and the National Bee Unit at FERA carries out monitoring and control of 
the disease (Brown et al. 2007). The current method of control in the UK is 
destruction by incineration which has been an effective method of control since it 
was introduced in the 1940s bringing down the yearly incidence rate from 
several thousand to around 60 in 2006 (Brown et al. 2007). The main problem 
with disinfecting the hives is penetration of the spores into the wooden 
structures; this renders techniques such as scorching with a blowtorch or the use 
of most chemical disinfectants useless, as they are simply unable to penetrate the 
wooden fibres (Dobbelaere et al. 2001).   
 
1.6.1. Control of AFB using Antibiotics 
 
Some countries such as the USA, favour the use of antibiotics as a method of 
control. As a result of the prolonged use of antibiotics, through a series of 
horizontal transfers Paenibacillus larvae has acquired the resistance plasmid 
pMA67 (Murray et al. 2007). The resistance to oxytetracyline is spreading and 
the use of antibiotics as a method of control is becoming even less effective 
(Murray et al. 2007). The use of antibiotics from the tetracycline family also 
causes other problems including larval mortality and retarded growth (Peng et al. 
1992).  The use of the antibiotic Tylosin has also been proven to be far more 
effective and far less lethal to the brood, but oxytetracycline is still the only 
antibiotic approved for prevention or treatment of AFB in the USA (Peng et al. 
1996). 
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1.6.2. Chemical control of AFB 
 
Ethylene Oxide (ETO) has been used in some countries as a method of sterilising 
hive equipment post AFB infection and has shown varying results (Takahashi et 
al. 2001). Some studies report no, or very few, recurring infections after 
fumigation, where as other reports say recurring infections were predominantly 
found (Takahashi et al. 2001). The problems lie with the fumigation procedures. 
Unless a fully sealed non-penetrable container is used then the process is 
rendered useless. Makeshift polyethylene sealed fumigation containers are 
unreliable as ETO is able to pass through the polyethylene. Successful trials have 
usually occurred in a laboratory environment using a container such as an 
autoclave for fumigation. ETO does not penetrate biological material very well, 
so spores within capped cells and in honey are often unharmed by this process 
and able to cause a repeat infection. ETO is toxic and expensive; this coupled 
with the varying results has ruled it out as a viable control measure. 
 
1.6.3. Control of AFB by irradiation of hives 
 
Irradiation of hives and hive parts by Gamma radiation showed a 99.9994% 
chance that all spores had been left non-viable (Takahashi et al. 2001). No ill 
effects were observed in the honey subsequently produced. This process is 
already commercially available in many places for the food industry, so 
protocols could easily be adapted to suit the requirements (Takahashi et al. 
2001). It has been suggested that hives could be subjected to irradiation twice a 
year to remain free of many harmful pathogens. Public perception seems to be 
the limiting factor here, and honey produced could be avoided by companies and 
the general public which would make bee keepers reluctant to use this method 
(Takahashi et al. 2001). 
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1.6.4. Use of biological controls against AFB infections 
 
The use of a biological control for P. larvae has been suggested and studies have 
been carried out to look at the effectiveness of bacterial strains as control agents. 
B. cereus, B. megaterium, B. licheniformis, B. pumilus, B. subtilus and B. 
laterosporus were studied and found to inhibit Pll with varying levels of success 
(Alippi and Reynaldi 2006). There are significant barriers to the approval of such 
a method, so it is unlikely that in the near future this will be pursued.   
 
1.7. Sequencing the P. larvae genome 
 
As a significant honeybee pathogen, sequencing of P. larvae (Strain BRL-
230010) began in 2003 (Qin et al. 2006). This project was completed in 2006 but 
a complete genome was never produced. Instead the genome data exists as a 
series of 646 contigs with an average length of 6817bp (Acesssion: 
AARF00000000). The contigs were combined to produce 349 scaffolds, the 
largest of which is 137,418 bp (Qin et al. 2006). With total scaffold coverage of 
4,015,777bp in a genome estimated to be approximately 4-5Mb, it is highly 
unlikely that these assemblies cover the entire genome.  
 
The sequencing of the P. larvae genome was augmented with further Sanger 
sequence data and Illumina reads (Chan et al. 2011). This was completed in 
February 2011; this sequencing project has produced a series of 353 contigs with 
an average length of 12.3 Kb. This sequencing attempt covers 4,352,378bp; once 
more the combined length of contigs that could be assembled equals the 
approximate genome size. Further work is required to complete these genomes, 
and without the availability of a complete genome to act as a reference for future 
assemblies. 
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1.8. Can intra-species differentiations reflect the 
virulence exhibited by an isolate? 
 
Although the taxonomy of P. larvae has undergone several revisions since its 
original description in 1906, it was not until 2006 when it was experimentally 
shown that the taxonomy of the organism did not reflect virulence (Genersch et 
al. 2006). Whilst it has been shown that isolates previously defined as subspecies 
pulvifaciens have the potential to cause AFB, it is unknown if strain 6993 is a 
non-pathogenic isolate as previously suggested. This thesis aims to determine if 
strain 6993 should be considered to be a pathogenic isolate and as a result 
develop a better understanding of the intra-specific differences existing between 
P. larvae isolates and how these relate to virulence. 
 
Whilst it has been shown that isolates exhibit a great level of sequence identity 
(Genersch et al. 2006), high levels of phenotypic differentiation are also evident 
(Heyndrickx et al. 1996). Despite the suggestion that all isolates of P. larvae are 
pathogenic, it seems logical to assume non-pathogenic isolates exist. Isolates 
originally identified as B. pulvifaciens were shown to cause non-AFB related 
symptoms. This describes experiments aimed at differentiating isolates of P. 
larvae based upon observed phenotypic differences. The observed differences 
were compared to the pathogenicity of the isolates, for an improved 
understanding of the intra-specific groupings produced. 
 
Recent advances in genome sequencing allow for large-scale genetic 
comparisons to be made from a single sequencing run. By utilising this 
technology it will be possible to establish if detected phenotypic differences are 
related to genetic differences or are related to gene expression. 
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1.9. Overview of Chapters 
 
Chapter 2 - Intra-species differentiation by means of 16S rRNA sequencing 
and development of a Multi Locus Sequence Typing Scheme 
 
It has been shown that isolates exhibit ~99% sequence similarity of the 16S 
rRNA subunit but phylogenetic study of this region has not been fully explored 
as a method of discrimination between isolates. Multi Locus Sequencing Typing 
(MLST) has been successfully used to differentiate closely related bacterial 
species in instances where 16S rRNA phylogenies were unable. Similar schemes 
have been widely documented within the genus Bacillus, but have yet to be used 
for the differentiation of P. larvae isolates. 
 
Chapter 3 - Intra-species differentiation by means of PCR based 
fingerprinting, and its impact on UK detection 
 
DNA fingerprinting often exhibits higher levels of variation than that observed in 
coding areas of the genome. These methods target the highly variable inter-genic 
regions; previously it has been shown that P. larvae isolates can be clustered into 
4 distinct groups using Enterobacterial Repetitive Intergenic Consensus (ERIC) 
sequence fingerprinting. Whilst not related to the virulence of P. larvae it was 
believed that the ERIC groupings reflected the differences in virulence. Lateral 
Flow devices (LFDs) used for primary identification in the UK were based upon 
these groupings. Here we investigate if LFDs are capable of detecting all AFB 
outbreaks within the UK. 
 
Chapter 4 - In-vitro comparison of virulence displayed by Paenibacillus 
larvae isolates 
 
Whilst data surrounding the epidemiology of isolates does exist, full details of 
the level of pathogenicity of individual isolates are unknown. Data exists 
recalling the various symptoms seen at time of isolation; the time course of the 
infection or the severity of the resulting infection was never documented. This 
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resulting in isolates previously being classified as non-pathogenic P. pulvifaciens 
or pathogenic P. larvae. Whilst very few isolates of P. pulvifaciens were 
isolated, the pathogenicity of these isolates has been questioned. This 
methodology will allow direct comparisons to be made between isolates 
exhibiting different phenotypic properties. 
 
Chapter 5 - Comparative genomics of Paenibacillus larvae isolates 
 
Recent advances in sequencing technology allow for the acquisition of large 
quantities of genomic data from a single sequencing run. Whilst unlikely that a 
complete P. larvae genome will be produced, the wealth of genomic data will 
allow for comparative genomics to assess the genomics differences in existence 
between isolates. Whilst a complete genome of P. larvae does not exist, a wealth 
of genomic data from a known isolate is publically available. Use of this 
previous sequencing attempt as a reference allows for a further comparative 
analysis to be made against a previously published isolates. 
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Chapter 2 
Intra-species differentiation by means 
of 16S rRNA sequencing and 
development of a Multi Locus 
Sequence Typing Scheme 
 
2.1. Summary 
• 16S rRNA sequencing is the preferential method of species identification. 
It is quick and does not provide ambiguous identification as achieved 
through use of combined biochemical screening and colony morphology 
or Fatty Acid Profiling (FAP). 
• A maximum sequence divergence of <2.5% was observed in the 16S 
rRNA subunit of 26 P. larvae isolates. 
• A Multi Locus Sequence Typing (MLST) approach using purH and PyrE 
genes revealed average sequence similarity of 99.71% and 98.7% 
respectively. This showed that, on average, purH exhibited greater 
sequence identity between isolates than observed in the 16S rRNA 
subunit. 
• 16S rRNA and MLST phylogenies were able to group isolates according 
to previous subspecies differentiation; therefore suggesting a genetic 
difference exists between the subspecies. 
• It remains unpredictable what phenotypes are represented by the 
subspecies differentiation, so it is unknown what the intra-species 
grouping displayed by 16S rRNA or MLST phylogenies reflects. 
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2.2. Introduction 
 
Over the ~100 years since its first isolation the taxonomy of Paenibacillus larvae 
has been revised multiple times (Ash et al. 1993; Genersch et al. 2006; 
Heyndrickx et al. 1996; Katznelson 1950; Nakamura 1984; White 1906).  Prior 
to 2006, isolates were separated in two subspecies (Heyndrickx et al. 1996). 
Subspecies larvae were believed to be responsible for all AFB infections, 
whereas subspecies pulvifaciens were believed to be responsible for a benign 
disease called Powdery Scale (Katznelson 1950; Nakamura 1984). In 2006 it was 
shown that subspecies larvae and pulvifaciens were genetically closer related 
than previously assumed (Genersch et al. 2006). Several strains of (non-
pathogenic) subspecies pulvifaciens were able to cause AFB and in some 
instances the resultant infection was more severe than (pathogenic) subspecies 
larvae strains (Genersch et al. 2006). It was suggested the subspecies 
differentiation was dropped and all strains regardless of subspecies 
differentiation were grouped as Paenibacillus larvae (Genersch et al. 2006). 
 
Whilst identification of AFB infections in honeybee colonies had been improved 
by the creation of field based test kits (Vita Europe Ltd.), less progress was made 
with laboratory-based identification of the causative agent. Bacterial 
identification was originally due to phenotypic differences and observed colony 
morphology, no specific media exists for the isolation of P. larvae, and many 
bacterial species are able to produce identical colonies. Many molecular 
diagnostic methods were developed for the identification of P. larvae (Alippi et 
al. 2004; Govan et al. 1999; Lauro et al. 2003), however since the removal of the 
subspecies differentiation, the validity of these testing methods is unknown. 
Several methods were developed to exclude isolates previously identified as 
subspecies pulvifaciens (Alippi et al. 2004; Lauro et al. 2003) and one assay did 
not include subspecies pulvifaciens in the validation process (Govan et al. 1999). 
An accurate method was required for the identification of isolated Paenibacillus 
strains, testing using fatty acid profiling (FAP) (Stead 1988) was only able to 
identify isolates as belonging to the Paenibacillus genus (data not shown). 
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2.2.1. 16S rRNA Identification of P. larvae 
 
The use of DNA sequence as a method of exploring the phylogenetic relationship 
between organisms was first realised in 1965 (Zuckerkandl and Pauling 1965). 
Sequence similarity existing between 16S sequences from different Bacillus sp. 
was soon noted (Dubnau et al. 1965). Due to the constant revisions in bacterial 
taxonomy, identification of bacterial species by means of biochemical and 
morphological analysis, became increasingly difficult. Each taxonomic revision 
altered the parameters by which each species was identified. Identification 
became laborious and often-ambiguous results could result in incorrect 
identification. In the field of molecular microbiology sequencing of the 16S 
ribosomal RNA subunit has become common practice (Olsen and Woese 1993). 
Use of the 16S subunit is considered an accurate representation of bacterial 
evolution as no change in function has been noted and it is present in all bacterial 
species (Janda and Abbott 2007). The 1,500bp subunit is considered a good 
length for computational analysis (Patel 2001). Comparisons of 16s rRNA 
sequences have revealed that isolates, to be considered of the same species, have 
a minimum sequence identity of 97% (Janda and Abbott 2007). As a result, 16S 
rRNA sequencing is considered the gold standard molecular microbiological 
identification tool. 
 
2.2.2. 16S rRNA as a means of intra-species 
discrimination 
 
Studies of the 16S subunit in B. cereus show very low levels of nucleotide 
variation existed between B. cereus, B. anthracis and B. thuringiensis (Sacchi et 
al. 2002). This suggested that sequencing of the 16S subunit would be unable to 
differentiate within a species, as required by this project. Unlike B. cereus, the 
16S subunit of P. larvae has not been widely used for the discrimination of 
isolates. It has been suggested that P. larvae isolates share more than 97% 16S 
sequence homogeny (Genersch et al. 2006). The frequency and position of base 
substitutions in the P. larvae 16S sequence has not been documented and 
therefore the resulting phylogeny produced is also unknown. 
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2.2.3. Application of Multi Locus Sequence Typing 
(MLST) to intra-species differentiation 
 
It has been suggested that isolates possessing 97.5% 16S sequence identity, 
potentially share as little as 60% genome sequence identity (Stackebrandt and 
Goebel 1994). Whilst this incorporates non-coding sections of the bacterial 
genomes, it suggests that a greater degree of genetic variability will also be 
observed in sections of the genome coding for other genes. B. cereus, B. 
anthracis and B. thuringiensis have been shown to possess such little genetic 
variability, that they should be considered the same species (Helgason et al. 
2000).  The phenotypic characteristics of the three species are considered to be 
highly diverse, despite the lack of genomic variability. Multi locus sequence-
typing (MLST) has been used to differentiate between B. cereus, B. anthracis 
and B. thuringiensis with great levels of accuracy (Helgason et al. 2004). MLST 
involves the sequencing of several housekeeping genes, these genes are 
considered to be less conserved than the 16S rRNA subunit. The greater degree 
of genetic variability present across multiple genes can be successfully used to 
differentiate between species with very low genetic variability (Helgason et al. 
2004). Several suitable genes were identified from similar schemes that had been 
used within the Bacillus genus, allowing for the differentiation of isolates that 
16S rRNA sequencing failed to differentiate (Helgason et al. 2004; Marston et al. 
2006; Sorokin et al. 2006). It is predicted that 16S rRNA variability between 
isolates of P. larvae will be very low, despite the diverse phenotypic traits of the 
various strains being well documented. It is believed that a similar scheme 
developed for P. larvae, could have similar results to the schemes developed for 
the Bacillus genus. 
 
 
 
 
 
! ! %&'()*+!-!!
! -.!
2.3. Aims 
 
1. To assess the use of 16S rRNA subunit sequencing as a method of 
identifying P. larvae. 
2. To assess the use of 16S sequencing for the intra-species discrimination 
of P. larvae. 
3. To develop an MLST scheme for the intra-species discrimination of P. 
larvae isolates 
 
2.4. Materials and Methods. 
 
2.4.1. Bacterial Isolates 
 
A panel of 39 bacterial isolates were chosen this included reference isolates from 
the LMG culture collection belonging to Paenibacillus larvae subspecies larvae, 
Paenibacillus larvae subspecies pulvifaciens and Paenibacillus alvei (table 2.3). 
Additional 16S sequences for other species were obtained from the NCBI 
database. All isolates were cultured at 34°C on BHI-T media (described in 
appendix 1); DNA was extracted using a standard Promega gram positive 
bacterial extraction method and stored at -20°C (described in appendix 2). 
 
2.4.2. Loci – primer design 
 
Many sets of primers have been published which amplify the whole or a partial 
section of the 16S rRNA amplicon. UFP1 and URP1 (table 2.2) were selected 
due to amplification of the whole 1.5kb subunit. This primer pair was widely 
used by FERA for the identification of environmental samples, whilst untested 
on P. larvae they had successfully identified many isolates on which 
conventional methods had failed. 
 
The MLST scheme developed here for P. larvae is based upon several similar 
schemes used to differentiate B. cereus, B. anthracis and B. thuringiensis 
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(Helgason et al. 2004; Marston et al. 2006; Sorokin et al. 2006). tBLAST 
searches were performed on the array of genes used in Bacillus MLST schemes, 
looking for orthologous sequences within the 646 BCM P. larvae contigs. Two 
potential target genes were identified (table 2.1).  
 
Gene Function / Product 
PyrE Orotate phosphoribosyltransferase 
purH Final enzymes in the de novo purine 
biosynthesis pathway 
Table 2.1: genes selected for initial MLST sequencing scheme, chosen due to essential 
nature and availability of gene sequence within P. larvae genome data. 
 
Nucleotide sequences were imported into text files, and primers were manually 
designed for gene amplification (table 2.2). 
 
Table 2.2: Details of the primers used for direct sequencing of 16S rRNA subunit and 
PyrE and purH MLST genes (all primers used at a final concentration of 0.3pmol). * 
FERA, Un-published primers. ** MLST primers designed within this project. 
 
2.4.3. PCR and sequencing 
 
PCR amplification of both the 16S subunit and the MLST genes used a standard 
25"l bacterial PCR mastermix (documented in appendix 5). The following 
thermal profile was used for amplification 2 min at 95°C followed by 35 cycles 
of 35s at 95°C, 1Min at annealing temp (Table 2.2), 1Min at 72°C. This was 
followed by a final extension of 7Min at 72°C. PCR purification used a standard 
bench top centrifuge protocol from Qiagen (Appendix 6). Macrogen, Korea 
carried out sequencing. All samples submitted met the submission guidelines 
detailed. 
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Gene Function / Product 
pyrE Orotate phosphoribosyltransferase 
purH Final enzymes in the de novo purine 
biosynthesis pathway 
Table 2.1: genes selected for initial MLST sequencing scheme, chosen due to 
essential nature and availability of gene se uence wit in P. larvae genome data. 
 
Nucleotide sequences were imported into text files, and primers were manually 
designed for gene amplification (table 2.2). 
 
Target F Primer R Primer Annealing 
temp (°C) 
Amplicon 
size (bp) 
16S UFP1 5’- AGT TTG 
ATC CTG GCT CAG -
3’ * 
URP1 5’- GGT TAC CTT 
GTT ACG ACT T -3’ * 
53.1 1500 
pyrE pyrE-F 5’- TCT TCG 
GGG TTA TCG AT -3’ 
** 
pyrE-R 5’- CAA GAG 
CAG CAA TGG AGA 
ACA -3’ ** 
57.6 650 
purH purH-F 5’- AAC CCG 
CAT ACC ATC CGC T 
-3’ ** 
purH-R 5’- GAA TGC 
GGC TCT GCA ACT G -
3’ ** 
58.8 730 
 
Table 2.2: Details of the primers used for direct sequencing of 16S rRNA subunit 
and pyrE and purH MLST genes. * FERA, Un-published primers. ** MLST 
primers designed within this project. 
 
2.4.3. PCR and sequencing 
 
PCR amplification of both the 16S subunit and the MLST genes used standard 
conditions as documented in again, a paper style summary here. Sequencing was 
carried out by Macrogen, Korea. All samples submitted met the submission 
guidelines detailed. 
 
2.4.4. Data analysis 
 
Electropherograms were inspected using APe 
(http://biologylabs.utah.edu/jorgensen/wayned/ape/). The quality thresholds for 
base calling were adjusted. The trimmed sequence, excluding areas of poor 
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2.4.4. Data analysis 
 
Upon receiving sequence data, the electropherograms were studied using APe 
(http://biologylabs.utah.edu/jorgensen/wayned/ape/). The quality thresholds for 
base calling were adjusted. Trimmed sequences meeting the quality criteria were 
used in subsequent analysis. 
 
Sequence data was imported into BioEdit  
(http://www.mbio.ncsu.edu/bioedit/bioedit.html), sequence data obtained from 
the reverse primer was reverse complemented. The sequences were now 
assembled using the CAP3 (Huang 1999) plugin for BioEdit using standard 
parameters. Assembled sequences were analysed against the NCBI nucleotide 
database to ensure that the processed sequence files still returned the correct 
BLAST identity. 
 
FASTA sequences were imported into eBioX 
 (http://www.ebioinformatics.org/ebiox/) before aligning using standard clustalW 
parameters. Bootstrap neighbour joining trees were constructed using ClustalX2 
(Larkin et al. 2007) and were exported in phylip format. Phylip trees were 
produced based upon 10,000 bootstrap trials. 
 
Aligned sequences were exported as fasta files and the alignment statistics were 
calculated using the –Alistat function of the HMMer software package 
(http://hmmer.janelia.org/).
Table 2.3.  !" 
 
Identification PROTECT NCPPB Depositor Isolated By Geographic 
location 
Biological Origin 
Paenibacillus alevi 6558 LMG13255 Caledonian University N. Logan N/A N/A 
Paenibacillus alevi 6559 LMG13260 Caledonian University J. Buissiere Lyon, France N/A 
Paenibacillus alevi 6562 LMG17052 ATCC N/A N/A N/A 
Paenibacillus larvae ssp. 
Larvae 
6576 LMG16250 NRRL N. Logan N/A N/A 
Paenibacillus larvae ssp. 
Larvae 
6254 LMG9820 ATCC E. Holst N/A Foulbrood of 
honeybees 
Paenibacillus larvae ssp. 
Larvae 
6255 LMG14425 ATCC H. Shimanuki Ohio, USA Diseased honeybee 
larvae 
Paenibacillus larvae ssp. 
Larvae 
6256 LMG14426 ATCC H. Shimanuki Virginia, USA Diseased honeybee 
larvae 
Paenibacillus larvae ssp. 
Larvae 
6257 LMG16147 Apicultural Research  
Institute, 
Czech Republic 
V. Drobnikova Czech  
Republic 
Foulbrood of 
honeybees 
Paenibacillus larvae ssp. 
Larvae 
6259 LMG16241 NRRL N. Logan N/A Diseased 
Honeycomb 
Paenibacillus larvae ssp. 
Larvae 
6260 LMG16250 NRRL N. Logan N/A N/A 
Paenibacillus larvae ssp. 
Pulvifaciens 
6261 LMG16251 NRRL N. Logan N/A Powdery Scale 
Paenibacillus larvae ssp. 
Pulvifaciens 
6262 LMG14428 ATCC G. Skyring N/A N/A 
Paenibacillus larvae ssp. 
Pulvifaciens 
6263 LMG15974         
Paenibacillus larvae ssp. 
Pulvifaciens 
6264 LMG16247 NRRL H. Katznelson N/A Powdery Scale 
Paenibacillus larvae ssp. 
Pulvifaciens 
6265 LMG16249 NRRL N. Logan N/A N/A 
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Paenibacillus larvae ssp. 
Pulvifaciens 
6266 LMG16252 NRRL N. Logan N/A Dead Honeybee 
larvae 
Paenibacillus larvae ssp. 
Larvae 
6678 LMG16241 NRRL N. Logan N/A Diseased 
Honeycomb 
Paenibacillus sp. 6815 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6817 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6818 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6819 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6820 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6821 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6832 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6833 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6834 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6835 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6836 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6837 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6870 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6873 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6911 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6912 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6914 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6929 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6930 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6931 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus sp. 6932 N/A  FERA UK Environmental LFD +ve Colony 
Paenibacillus larvae ssp. 
pulvifaciens 
6993 LMG14427 ATCC N/A N/A N/A 
Table 2.3: Detailed history of isolates used within this thesis. All known (relevant) information is documented. Unfortunately details available for several 
reference isolates were not complete. 
! ! "#$%&'(!)!!
! )*!
2.5. Results 
 
2.5.1. Species identification using 16S rRNA sequencing 
 
 
 
Figure 2.1: Neighbour-joining bootstrap analysis of the 16S rRNA phylogenetic relationship 
between species belonging to the Bacillales order. Tree rooted against type strain of 
Clostridium perfringens. Bootstrap support over 70% shown in red. 
 
 
Whilst the 16S subunit is highly conserved amongst P. larvae isolates, a greater level 
of variation can be seen between P. larvae isolates and other bacterial species (figure 
2.1). By expanding the range of species included in the alignment it was possible to 
calculate the similarity that exists between the 16S sequences of these isolates. This 
alignment revealed that P. larvae isolates share a minimum of 89.9% sequence 
identity with isolates identified as P. alvei. It was shown that the average minimum 
Bacillus sp. 
P. alvei 
P. larvae 
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sequence identity with P. alvei was 90.51%. Whilst the initial sequence identity figure 
for the Bacillus genus was 83.17%, this increased to 84.32% when Bacillus 
haloalkaliphilus was removed from the alignment. As expected Clostridium 
perfringens shared the least sequence identity at 82.3%. 
 
Production of a bootstrapped tree provided a visual representation of the alignment 
statistics. With Paenibacillus isolates forming a separate clade to isolates belonging to 
more distant genera. Even within a larger sample set the P. larvae isolates formed an 
outgroup from the Paenibacillus clade. With most Paenibacillus species being of soil 
/ environmental origins, it is clear that P. larvae has followed a different evolutionary 
pathway. 
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2.5.2. Intra-species discrimination using 16S rRNA 
sequencing 
 
 
 
Figure 2.2: Neighbour-joining bootstrap analysis of the 16S rRNA phylogenetic relationship 
between P. larvae isolates, tree shown rooted against type strain of Paenibacillus lautus. 
Group I contains isolates formerly identified as subspecies pulvifaciens, Group II contains 
isolates formerly identified as subspecies larvae. Bootstrap support over 70% shown in red. 
Branches dissected by parallel diagonal lines have been reduced to a third of the original 
length. 
 
The amplified fragment of the 16S rRNA subunit was 1.46kb, trimming of sequence 
data not meeting the quality threshold set reduced this to 1.42kb. Analysis of the 
aligned sequences revealed that P. larvae isolates had an average of 86.72% identity 
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with P. lautus. Re-aligning the sequences without P. lautus allowed for better analysis 
of the identity between P. larvae isolates (data not shown). Isolates were shown to 
have an average of 98.84% sequence identity (range over 99.9% to 97.5%). 
 
A bootstrap tree of the alignment highlighted the potential for 16S rRNA sequencing 
to be used to differentiate subspecies pulvifaciens from subspecies larvae (figure 2.2). 
Group 1 contains all reference isolates belonging to subspecies pulvifaciens with the 
exception of 6262. Also contained within the clade are strains 6255, 6260 and 6261 
all were previously labelled as subspecies larvae. Group 2 contains isolates that were 
previously labelled as subspecies larvae.  
 
2.5.3. Developing a Multi Locus Sequence Typing Method 
for P. larvae 
 
Genes were selected from previous successful MLST schemes used in Bacillus 
cereus, and primers were design as detailed in 2.5.2. Initially 5 primer pairs were 
designed, two of these primer pairs failed to amplify the target sequence despite 
optimising the PCR reaction whilst one primer pair amplified multiple bands. The 
primer pairs for purH and PyrE amplified the gene sequence successfully; prior to re-
designing the primer pairs for the extra genes, it was decided to assess the variability 
present in the selected genes. 
 
 
 
2.5.4. Genetic diversity within the purH gene 
Sequence identity between isolates of the purH gene was much lower between P. 
larvae and B. cereus than had been found between the organisms 16S subunit. The 
average sequence identity between the P. larvae isolates and B. cereus was 62.69%. 
The increase in sequence divergence between genera was not displayed intra-species, 
with an average sequence identity of 99.71%. The maximum sequence identity was 
100% whilst the minimum of 95.1% was lower than displayed in the 16S sequences, 
this level of identity was only displayed between isolates 6264 and 6816. 
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Figure 2.3: Neighbour-joining bootstrap analysis of the purH phylogenetic relationship 
between P. larvae isolates, tree shown rooted against type strain of Paenibacillus polymyxa. 
Clade I contains isolates formerly identified as subspecies pulvifaciens, Clade II contains 
isolates formerly identified as subspecies larvae. Bootstrap support over 70% shown in red. 
Branches dissected by parallel diagonal lines have been reduced to a third of the original 
length. 
 
The bootstrap analysis produced a tree with two distinct clades (figure 2.3); the 
production of this grouping matched the previously defined subspecies differentiation 
with subspecies pulvifaciens appearing in clade 1 and subspecies larvae in clade 2. 
6993 was the only subspecies pulvifaciens isolate to appear in the incorrect clade. 
Whilst 6260 and 6261 were the subspecies larvae isolates appearing in the wrong 
clade.  
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Figure 2.4: Neighbour-joining bootstrap analysis of the purH phylogenetic relationship 
between P. larvae isolates. The red box contains isolates formerly identified as subspecies 
pulvifaciens. Bootstrap support over 70% shown in red. 
 
Despite this project successfully sequencing 24 isolates of P. larvae all containing this 
highly similar section of DNA from the purH gene. No significant matches could be 
found in the NCBI database with over 70% sequence identity, as a result the rooted 
tree produced has a large root with compresses the 24 sequenced isolates. The 
unrooted bootstrap tree (figure 2.4) allows for the observation of the phylogenetic 
differences existing between the 24 strains without the compression caused by rooting 
the tree. 
 
2.5.5. Genetic diversity within the PyrE gene 
 
Sequence identity between isolates of the PyrE gene was lower between P. larvae and 
B. cereus than had been found between the organisms 16S subunit and the purH gene. 
The average sequence identity between the P. larvae isolates and B. cereus was 
60.93%. This lowest level of sequence identity was not reflected between P. larvae 
isolates, with a higher level of intra-species similarity than displayed in the purH 
gene. The average identity between P. larvae isolates was 99.01%, with the lowest 
level of identity being 98.7% and the greatest level of identity being 100%. 
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Figure 2.5: Neighbour-joining bootstrap analysis of the PyrE phylogenetic relationship 
between P. larvae isolates, tree shown rooted against type strain of Paenibacillus polymyxa. 
Clade I contains isolates formerly identified as subspecies pulvifaciens, Clade II contains 
isolates formerly identified as subspecies larvae. Bootstrap support over 70% shown in red. 
Branches dissected by parallel diagonal lines have been reduced to a third of the original 
length. 
 
The bootstrap analysis produced a tree with two distinct clades (figure 2.5), as seen 
for purH this matched the previously defined subspecies, with subspecies pulvifaciens 
appearing in clade 1 and subspecies larvae in clade 2. Isolates 6993 and 6264 
previously defined as subspecies pulvifaciens, appeared in the incorrect clade. Isolates 
6260 and 6261 were again grouped incorrectly with the pulvifaciens isolates despite 
being defined as subspecies larvae. 
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Figure 2.6: Neighbour-joining bootstrap analysis of the PyrE phylogenetic relationship 
between P. larvae isolates. The red box contains isolates formerly identified as subspecies 
pulvifaciens. Bootstrap support over 70% shown in red. 
 
Despite this project successfully sequencing 25 isolates of P. larvae all containing this 
highly similar section of DNA from the purH gene. No significant matches could be 
found in the NCBI database with over 75% sequence identity, as a result the rooted 
tree produced has a large root with compresses the 25 sequenced isolates. The 
unrooted bootstrap tree (figure 2.6) allows for the observation of the phylogenetic 
differences existing between the 25 strains without the compression caused by rooting 
the tree. 
 
 
2.6. Discussion 
 
2.6.1. Selection of P. larvae isolates 
 
In this chapter the utilisation of 16S rRNA subunit sequencing as a method of species 
identification and intra-species differentiation was assessed. To successfully represent 
the species a selection of reference isolates from the LMG culture collection were 
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added to the growing collection of UK environmental isolates held at FERA (table 
2.3). This collection of isolates would ensure that work carried out was relevant 
within the UK, but also comparable with the wider research community, as many of 
the LMG isolates had previously been documented in several published articles 
(Forsgren et al. 2010; Heyndrickx et al. 1996; Loncaric et al. 2008; Tomkies et al. 
2009).  
 
Following their original isolation in 2007, the UK environmental isolates were 
identified using fatty acid profiling. This technique was common practice for cultured 
environmental isolates at FERA. This analysis was able to identify the isolates down 
to genus level, confirming that isolates were from the Paenibacillus genus. 
Unfortunately this method was unable to identify to species level. 16S rRNA 
sequencing confirmed that the environmental isolates (table 2.3) were Paenibacillus 
larvae isolates. It is recommended that the database be amended to reflect the 
identification to species level. 
 
2.6.2. 16S identification of P. larvae isolates 
 
The sequencing of the 16S subunit has been used for many years for the identification 
of bacterial isolates (Clarridge III 2004; Janda and Abbott 2007; Petti et al. 2005). 
Sequencing was more time and cost effective than the alternative plating and 
biochemical identification methods (Katznelson 1950; Nakamura 1984; White 1906). 
The use of morphological and biochemical data had formed the basis of earlier 
taxonomic groupings along with symptoms observed in the hive. The use of previous 
taxonomic groupings as an accurate means of determining the virulence of an isolate 
was shown to be unfounded (Ashiralieva and Genersch 2006). 
 
The use of 16S sequencing as an identification tool was shown to be very effective, it 
was able to reliably differentiate P. larvae from other bacterial species within the 
Firmicute phylum (figure 2.1). 16S sequencing was shown to be able to correctly 
distinguish P. larvae isolates from the Clostridium genus due to a >17.7% level of 
sequence divergence. Of more importance was the ability of 16S sequencing to 
distinguish P. larvae from other species within the genus and to successfully 
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distinguish P. larvae from other bacterial genera and species commonly from in hive 
material. Species from the Bacillus genus are commonly isolated from hive material 
and environmental samples; here it was shown that on average 12.8% sequence 
divergence existed between P. larvae isolates and strains from the Bacillus genus. It 
was shown that an average 10.8% sequence divergence existed between P. larvae and 
available 16S rRNA sequences from the Paenibacillus genus. Crucially it was able to 
distinguish P. larvae from P. alvei, a bacterium often considered to cause secondary 
infections within hives infected with AFB or EFB (Hornitzky and Anderson 2003). 
16S rRNA sequencing highlighted a 9.5% sequence divergence, and was capable of 
distinguishing the species. The use of the 16S rRNA subunit was shown to be capable 
of identification to species level, an improvement on the FAP methodology 
commonly used at FERA. It is recommended that identification of suspected P. larvae 
isolates be performed using 16S rRNA analysis. 
 
Whilst possible to view the alignment as a phylogenetic tree, this merely serves as 
confirmation of the levels of identity existing between the 16S sequences. This does 
show, as expected, a closer relation between P. larvae and other species within the 
Paenibacillus genus. Unexpected was the presence of several members of the 
Paenibacillus genus which showed a closer relationship to P. larvae than P. alvei. 
This was unexpected due to P. alvei being commonly isolated from hive material. 
This was previously observed (Shida et al. 1997a; Shida et al. 1997b), however no 
explanation is given and it remains unclear why the bacterial species found within the 
same environment have a more diverse 16S rRNA subunit than species from more 
diverse environmental backgrounds. 
 
2.6.3. Intra-species differentiation based on 16S RNA 
sequencing 
 
It has previously been shown that the 16S rRNA subunit is the sequence of choice by 
molecular microbiologist due high levels of similarity and no change in function over 
time (Janda and Abbott 2007). Differences exhibited by P. larvae isolates were <3%, 
the value often associated with isolates belonging to the same species. 
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Phylogenetic analysis of the P. larvae 16S alignment rooted against Bacillus cereus 
highlighted the high level of identity between sequences. The clades produced by this 
neighbour-joining bootstrapping method were able to separate isolates previously 
identified as different subspecies (figure 2.2). With the exception of three isolates 
6255, 6260 and 6261, these isolates previously identified as subspecies larvae were 
shown here to group with the subspecies pulvifaciens isolates. This grouping shown in 
the phylogeny produced suggested the potential for 16S sequencing to group the 
isolates, however a larger selection of subspecies pulvifaciens isolates would be 
required to confirm this. The anomalous isolates may have been miss-identified at 
point of original isolation, however without a more detailed history of these isolates 
this would be difficult to explore, many of the characteristics used to differentiate the 
subspecies produced variable results, therefore accurate identification to the 
subspecies level was considered to be difficult (de Graaf et al. 2006b).  
 
 
2.6.4. Evaluating the potential use of a Multi Locus 
Sequence Typing method for the intra-species 
differentiation of P. larvae 
 
A successful Multi Locus Sequence Typing scheme required the sequencing, 
concatenation and alignment of seven highly conserved core genes. Whilst these 
genes are highly conserved, they were predicted to be less conserved than the 16S 
rRNA subunit. Therefore the study of these genes has a greater potential to 
differentiate between strains. Initially five genes were chosen; the primers designed 
for three of these genes failed to amplify the target sequence or were not specific to 
the target sequence. It was decided to continue the scheme using purH and PyrE in the 
first instance, assessing the potential of an MLST scheme at intra-species 
differentiation. 
 
The aligned sequences for the purH and PyrE genes highlighted a difference 3.25% 
and 0.99% respectively. As expected purH showed a greater level of sequence 
variation than displayed in the 16S rRNA sequences, however the level of sequence 
variation was far lower than expected. The alignment produced for the PyrE 
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sequences showed that the level of sequence identity was similar to that of the 16S 
sequences and in fact displayed 0.17% more sequence similarity. DNA hybridization 
has shown that isolates sharing 97% 16S rRNA sequence similarity may share <60% 
genome identity (Stackebrandt and Goebel 1994). It was predicted that as previously 
seen in Bacillus cereus, anthracis and thuringiensis, a greater level of sequence 
divergence would be present in these genes (Helgason et al. 2004; Marston et al. 
2006; Sorokin et al. 2006). The sequence similarity calculated suggests that these 
genes are more suited to MLST schemes in the Bacillus genus for which they were 
designed, and are less applicable to the Paenibacillus genus. 
 
Production of a bootstrap tree (figures 2.3 and 2.4) showed that purH and PyrE were, 
as seen in the 16 rRNA phylogeny, able to differentiate based upon the previous 
subspecies differentiation. Anomalies were still present though, unlike the 16S 
phylogeny, strain 6993 was grouped with the wrong subspecies in both of the gene 
phylogenies and strain 6264 was miss-grouped using the PyrE alignment. As seen in 
the 16S phylogenies strains 6260 and 6261 were grouped with the subspecies 
pulvifaciens isolates, strain 6255 was correctly grouped using these gene alignments. 
If the previously used subspecies differentiation were to be used, the data presented 
here would suggest that strains 6260 and 6261 were miss-identified at the point of 
original isolation. Whilst this method had correctly grouped several isolates (based 
upon the previous taxonomic grouping), it was unknown what relevance this grouping 
had on the taxonomy or phenotypic characteristics of the species. 
 
Production of un-rooted bootstrap trees for both purH and pyrE showed the high level 
of similarity existing between sequenced isolates. No suitable root was found in the 
NCBI database, however this sequencing project was able to produce 25 sequences 
that exhibited very low variation. It is worth noting that the closest NCBI BLAST hits 
were that of the corresponding gene. It is worth noting that Paenibacillus sequences 
are very limited and often only exist singularly per species, further sequencing of a 
larger group of isolates would be able to identify the true relationship based upon 
these genes. 
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2.6.5. Can potential genotypes be identified? 
 
Phylogenies produced from 3 separate coding regions of P. larvae, were largely in 
agreement that 2 groups of isolates could be formed. The separate grouping of isolates 
identified as subspecies larvae and pulvifaciens has previously been noted (Shida et 
al. 1997a; Shida et al. 1997b), however previously this has only been shown in 16S 
rRNA. Here this relationship is also shown to existing outside of the ribosomal 
subunit and in housekeeping genes. Based upon this data the previous subspecies 
differentiation does appear to reflect the genetic differences. Targeted sequencing 
approaches are likely to result in the same outcome, with the overall grouping 
reflecting the previous subspecies differentiation. As this grouping has been shown 
not to accurately reflect the virulence of P. larvae, it is suggested that a different 
approach is used. 
 
 
2.7. Conclusion 
 
The use of 16S rRNA sequencing as a method of identification was shown to be 
accurate. This method was fast and robust at correctly identifying isolates recovered 
from hive material. Alignments showed that a significant difference existed between 
the P. larvae 16S sequences and 16S sequences from bacteria within the genera or 
from other Bacillus species. 
 
The utilisation of these methods for intra-species differentiation was never realised. 
Whilst the sequencing of the 16S subunit and purH and PyrE genes had initially given 
promising results, it was decided that whilst these methods held the potential for the 
grouping of isolates. It was shown that the use of 16S rRNA sequencing or purH and 
PyrE sequencing reflected the previous subspecies differentiation of the organism. 
However the true relevance of this taxonomic grouping in relation to the organism 
was unknown, as isolates belonging to both subspecies were shown to be pathogenic 
(Genersch et al. 2006). 
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Three separate sequence based methodologies showed evidence that strains 6260 and 
6261 shared a greater level of sequence similarity with isolates belonging to 
subspecies pulvifaciens. If the subspecies differentiation was still considered accurate, 
this data would have led to further investigation potentially leading to a revised 
description of the isolates. As the relevance of the subspecies differentiation remains 
unknown at present time, the grouping of these isolates was not further explored. 
With an improved knowledge of intra-species differences, this could be revisited at a 
later date. 
 
After the sequencing of purH and PyrE genes, the revised taxonomic grouping of P. 
larvae became widely accepted; isolates were no longer referred to with a subspecies 
differentiation. It was decided to halt the MLST scheme at this point, whilst the 
method had shown promising results and the addition of subsequent genes was likely 
to improve the level of differentiation observed. Since the subspecies differentiation 
was dropped (Genersch et al., 2006), the true relevance of this differentiation is 
unknown. Whilst it has been shown that a selection of subspecies pulvifaciens isolates 
were able to cause infection, it has not been shown that all isolates of subspecies 
pulvifaciens possess this ability. Nor has it been proven that all isolates previously 
identified as subspecies larvae, are capable of causing infection. 
 
This suggested that a greater understanding of the virulence of isolates was required 
before the true relevance of the previous subspecies groupings, reflected in these 
methods, would be fully understood. Continuation of this methodology no longer met 
the overall aims of the project and it was decided to adopt different approaches. 
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Chapter 3  
Intra-species differentiation by means 
of PCR based fingerprinting, and its 
impact on UK detection 
 
 
3.1. Summary 
• Isolates were identified as belonging to the 4 previously identified P. 
larvae ERIC types. 
• ERIC type I isolates are monophyletic on a 16S rRNA phylogeny, despite 
no known link between ERIC repeats and the ribosomal subunit. 
• Due to a small sample size, it is not possible to accurately identify the 
relationship between ERIC type II-IV and the 16S rRNA phylogeny. 
• The AFB LFD kit was shown to only detect AFB outbreaks belonging to 
ERIC type I isolates. The epidemiology or occurrence of ERIC type II-IV 
infections is not widely understood. So the impact of this on detection of 
AFB is not fully known. 
 
3.2. Introduction 
 
Discrimination of Paenibacillus larvae isolates used biochemical and 
morphological identification methods for around 80 years (Katznelson 1950; 
Nakamura 1984; White 1906). Use of PCR and genetic identification methods 
began to be used for isolates of P. larvae in 1993 (Ash et al.). P. larvae was 
subject to many taxonomic revisions, the most important revision was in 2006 
when it was shown that isolates believed to be non pathogenic, possessed the 
ability to cause AFB (Genersch et al. 2006). This revision was widely accepted 
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despite the presence of many phenotypically diverse isolates (Heyndrickx et al. 
1996).  
 
In chapter 2, the use of 16S rRNA and housekeeping gene sequencing was 
explored as a means of intra-species differentiation. It was shown that these 
methods differentiated isolates based upon previous subspecies differentiations. 
Since the realization that this differentiation did not reflect virulence (Genersch 
et al. 2006), the groupings produced further highlight the genetic difference that 
exists between the subspecies. Despite the adoption of the revised taxonomy of 
P. larvae by the research community by late 2007, it remained unlikely that the 
true intra-species relationships had been fully explored. Previously isolates were 
considered to possess a significant degree of phenotypic diversity, warranting the 
taxonomic positioning within two separate subspecies (Heyndrickx et al. 1996). 
Unfortunately very few examples of Paenibacillus pulvifaciens were isolated, so 
only a small data set exists. It remains important to fully understand why, at time 
of original isolation, these isolates were considered non-pathogenic. A better 
understanding of the phenotypes and genotypes present within P. larvae will lead 
to a better understanding of the infection pathway. Further sequencing of 
housekeeping genes was likely to display the same phylogenetic groupings. PCR 
based fingerprinting techniques had been used successfully in the research of P. 
larvae, phenotypic and genotypic differences had been shown to exist between 
isolates grouped using these methodologies (Alippi and Aguilar 1998; Genersch 
and Otten 2003). 
 
3.2.1. ERIC Fingerprinting 
 
Enterobacterial Repetitive Intergenic Consensus (ERIC) sequences, were 
originally identified in Escherichia coli, Salmonella typhimurium, Yersinia 
pseudotubercuiosis, Kiebsiella pneumoniae and Vibrio cholera (Hulton et al. 
1991). Although initially discovered in members of the Enterobacteriacae, these 
repetitive elements found throughout the genome were shown to be well 
conserved amongst Bacteria (Versalovic et al. 1991). The use of these repetitive 
elements as a meaning of PCR fingerprinting was soon exploited. Whilst initially 
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used on Enterobacteriacae, this method has also been applied to more diverse 
species of bacteria (De Arruda et al. 2003; Khan et al. 2002). ERIC PCR 
fingerprinting has also been applied to the identification of yeasts (Hierro et al. 
2004). 
 
3.2.2. Why is ERIC fingerprinting more discriminate 
than direct sequencing of genes? 
 
ERIC sequences are composed of a 126bp unit found to be well conserved within 
the Enterobacteriacae. These sequences were shown to exist in flanking regions 
within ~50bp of a transcribed gene or within intergenic regions of mRNA 
operons (Hulton et al. 1991). Up to 21 ERIC repeats were found in 
Enterobacterial species, whilst well conserved, the positioning of these elements 
on the chromosome varied between species (Hulton et al. 1991). Unlike standard 
PCR amplification, primers are designed to extend from this region; amplifying a 
series of bands of varied length representing the genome sequence between these 
ERIC repeats (De Bruijn 1992). The number of repeats within a bacterial genome 
combined with the PCR cycle used determines the number and length of bands 
produced. Unlike the use of direct sequencing in chapter 2 targeted to a specific 
ribosomal subunit or housekeeping gene, ERIC fingerprinting is targeted to 
repetitive elements existing at a variety of distances within the genome. The 
frequency and location of these elements within the genome is varied between 
species (Hulton et al. 1991), allowing discrimination to this level. Whilst direct 
sequencing relies on genetic mutations occurring in highly conserved genes, 
ERIC PCR relies on the conservation of a section of non-coding DNA. Due to its 
non-coding nature, variation is more likely to exist within closely related species. 
It has been suggested that primers designed to target these ERIC sequences in 
Enterobacteriacae do not necessarily target the same sequences within other 
bacterial species (Gillings and Holley 1997), however the target sequence is not 
important providing replicable fingerprints can be achieved.  
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3.2.3. Why is ERIC typing of these isolates important? 
 
ERIC primers are able to amplify several bands from strains of P. larvae; upon 
analysis of the patterns produced it is possible to group the strains in to 4 distinct 
ERIC types. It was thought that ERIC types I and II were pathogenic and that 
ERIC types III and IV were non-pathogenic (Genersch et al. 2006). Whilst the 
subspecies differentiation was not based upon ERIC typing, It was shown that 
isolates belonging to ERIC type I were exclusively subspecies larvae and isolates 
belonging to ERIC III and IV were exclusively subspecies pulvifaciens, ERIC 
type II isolates were identified as predominantly belonging to subspecies larvae 
(Genersch et al. 2006). This has been one of the most widely used research 
methods in the field of AFB research and has become almost the gold standard 
method for comparing strains from around the world. The epidemiology of AFB 
infections was better realised upon ERIC typing of isolates, it was shown that 
ERIC type I infections were predominant across the world, with <15 type II 
outbreaks in Europe. Type III or IV outbreaks of AFB have never been 
knowingly isolated from AFB infected hives; all isolates in existence were 
isolated as suspected ‘Powdery Scale’ infections (Katznelson 1950). 
 
Whilst based upon the length of genomic sequence between the repetitive units, 
phenotypic differences have been shown to exist between ERIC groups. 
Differences occur between isolates labeled as type I and II and types III and IV, 
with the most predominant difference being the ability to cause disease. ERIC 
types I and II possessing the ability to cause a systemic hive infection, compared 
to ERIC types III and IV isolates only able to cause acute infections (Genersch 
2009). 
 
Only clinically diseased hives are routinely studied for the presence of AFB, it is 
currently unknown what percentages of colonies contain sub-clinical AFB 
infections. In a small Argentinian study, 35% of colonies not displaying clinical 
AFB symptoms, contained AFB spores in extracted honey (Iurlina and Fritz 
2005). Obtaining a true representation of the epidemiology of the four ERIC 
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types is unlikely, as in sub-clinical infections P. larvae is likely to be 
outcompeted by other bacterial species. 
 
 
 
3.2.4. Other fingerprinting methodologies 
 
Other PCR based fingerprinting technologies have been developed, primarily 
used amongst bacterial isolates are Repetitive Extragenic Palindromic (REP) 
sequences (Stern et al. 1984) and BOX (Martin et al. 1992). Comparative 
analysis of fingerprinting technologies has not determined a preferential method 
(Hermans et al. 1995), these methods continue to co-exist and are utilised by 
various research groups.  
 
3.2.5. Can these methodologies be applied to AFB 
research? 
 
Combining ERIC typing with other fingerprinting methods such as BOX or REP, 
adds another level of grouping to the already grouped isolates. This method has 
been able to identify a set of ERIC/BOX isolates that were at the time unique to 
that region of South America (Alippi and Aguilar 1998). Whilst this method 
proved useful in the bio-geographical grouping of the isolates, it was not related 
to the organisms’ phenotype. Many isolates in this bio-geographical study were 
not fully characterised, phenotypic differences between isolates were not 
explored, Whilst it has been shown that a combination of fingerprinting methods 
can add a greater resolution to the discrimination of isolates, the true relevance of 
this discrimination remains unknown. 
 
3.2.6. Lateral flow immunological assays 
 
Lateral Flow Devices (LFDs) were originally developed for the on-site detection 
of plant pathogens (Danks and Barker 2000). Later this technology was adapted 
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to suit a wider range of pathogens, importantly was the development of a LFD 
test for the on-site confirmation of AFB infections (Vita Europe Ltd.). Use of 
these test kits allow quick preliminary confirmation of the visual diagnosis made. 
Antibodies were developed for the LFD whilst the causative agent was 
considered Paenibacillus larvae subspecies larvae. ERIC typing was used to 
identify isolates belonging to ERIC types I and IV, a target unique to ERIC I was 
used in the development of the AFB antibody (Un-published data, FERA). As a 
result it is believed that LFD kits will be unable to detect ERIC type IV 
outbreaks, the ability of the LFD kits to detect ERIC types II and III remains 
unknown. 
 
3.3. Aims 
 
• To ensure the sample set of P. larvae isolates used within this thesis 
represent all 4 previously identified ERIC types 
• To assess any congruence existing between ERIC types and 16S rRNA or 
MLST phylogenies 
• To determine if LFD kits are capable of detecting AFB outbreaks 
belonging to all 4 ERIC types 
 
3.4. Materials and Methods 
 
3.4.1 Bacterial Isolates 
 
27 previous isolated Paenibacillus larvae strains were used (table 3.3), these 
comprised of 15 LMG culture collection reference isolates and a further 12 UK 
environmental strains isolated in 2007. For full details of isolates used see 
Chapter 2. 
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3.4.2. Culture Methods and DNA extraction 
 
Bacterial isolates were cultured (Appendix 1) from frozen storage vials 
(Appendix 2). DNA extractions were performed (Appendix 3) on all of these 
isolates and they were appropriately stored (appendix 4). 
 
 
3.4.3. PCR 
 
The fingerprinting technique used within this chapter used the PCR reagents and 
methodologies that are detailed in Appendix 5. Any differences to afore 
mentioned protocols are detailed below. 
 
Specific ERIC PCR conditions 
 
ERIC primers (ERIC1R: 5 !-ATG TAA GCT CCT GGG GAT TCA C-3 ! and 
ERIC2: 5 !-AAG TAA GTG ACT GGG GTG AGC G-3 !) (De Bruijn 1992) were 
used to produce the P. larvae fingerprints. Standard PCR reagents were used 
(Appendix 5). MgCl2 concentration was trialed and the optimum was observed to 
be a final concentration of 5 mM per reaction. Primers were used at a final 
concentration of 2!M per reaction. 0.75U of Taq was used per reaction. 
 
Reactions were amplified using an initial 2 minute denaturing step at 95°C. 
Followed by 35 cycles of 1 minute denaturing at 95°C, 1 minute annealing at 
53°C and 2.5 minutes extension at 72°C. This was followed by a 10-minute final 
extension at 72°C. PCR products were visualised on a 1.5% agarose gel stained 
with ethidium bromide. 
 
3.4.4. ERIC Typing of isolates 
 
Within the strains held at FERA were representative LMG reference strains, or 
isolates from other research groups that had previously been ERIC typed (Table 
3.3). By comparing the banding patterns produced by previously typed strains, it 
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was possible to assign isolates to ERIC types I, III and IV. No type II isolates 
held had been previously typed, only 4 band patterns were produced so isolated 
not belonging to types I, III and IV were assigned to ERIC type II. 
 
3.4.5. Use of LFDs to identify P. larvae 
 
Lateral Flow Devices (LFDs) are small rapid detection kits available for 
detecting a variety of infectious organisms. The sample to be tested is placed in 
the sample jar provided; this contains a buffer and a series of metal ball bearings. 
The jar is shaken to lyse the sample, 1-3 drops of this suspension are placed on to 
the LFD. Contained within the plastic housing is a membrane, this membrane 
draws in the liquid by capillary action. Two lines of the membrane are 
impregnated with antibodies. The first is a control line confirming that this test 
kit is functional; the test line contains target specific antibodies. A positive test is 
indicated by the presence of both control and test lines (table 3.1). 
 
Control Line Test Line Outcome 
- - Faulty kit 
- + Potential fault  (Repeat) 
+ - Negative Result 
+ + Positive Result 
Table 3.1: Possible results obtained from an LFD test kit and the meaning of the result 
obtained 
 
3.4.6. Phylogenetic analysis 
 
Phylogenetic analysis was performed as described in chapter 2.4. 16S sequences 
were aligned using ClustalW alignment algorithm and bootstrap neighbour-
joining phylogenetic trees were created to visualise the relationship between 
isolates. 
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3.5. Results 
 
3.5.1. ERIC typing of P. larvae isolates 
 
 
 
Figure 3.1 / Table 3.2: The four banding patterns produced by P. larvae isolates. Lanes 
2-5 contain ERIC types I-IV respectively. Bands produced are listed in table 3.2. Key 
bands used for typing are shown in bold print. 
 
ERIC profiling of the isolates produced 4 distinct band patterns. The availability 
of isolates belonging to pre-determined ERIC groups provided a key (figure 3.1) 
by which further samples could be typed. The band patterns produced displayed 
high levels of similarity, typing of the isolates was performed by the presence or 
absence of bands at 250, 500, 950, 1600 and 1800bp (table 3.2).  
 
25 isolates were successfully ERIC typed (table 3.3), of which 14 were LMG 
reference isolates and the remaining 11 were UK environmental isolates. 18 of 
the isolates were identified as ERIC type I representing 68% of the sample 
subset. ERIC types III and IV were less well represented each with 3 isolates, 
12% of the sample subset. Only 2 isolates were identified as ERIC type II 8% of 
the sample subset. Isolates identified as subspecies larvae were shown to belong 
to ERIC type I, with the exceptions of strain 6260 (ERIC II) and strain 6261 
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ERIC ID Bands Present (bp) 
I 150, 250, 450, 950, 1600, 1800 
II 150, 250, 450, 500 
III 150, 250, 450, 500, 950, 1600, 1800 
IV 150, 450, 500 
! ! "#$%&'(!)!!
! *+!
(ERIC III). All other isolates identified as belonging to ERIC types II-IV were 
previously identified as subspecies pulvifaciens.  
 
Identification FERA Ref. NCPPB ERIC Previous 
ERIC type* 
Paenibacillus larvae ssp. Larvae 6254 LMG9820 I I 
Paenibacillus larvae ssp. Larvae 6255 LMG14425 I N/A 
Paenibacillus larvae ssp. Larvae 6256 LMG14426 I N/A 
Paenibacillus larvae ssp. Larvae 6257 LMG16147 I N/A 
Paenibacillus larvae ssp. Larvae 6259 LMG16241 I N/A 
Paenibacillus larvae ssp. Larvae 6260 LMG16250 II N/A 
Paenibacillus larvae ssp. Larvae 6261 LMG16251 III N/A 
Paenibacillus larvae ssp. Pulvifaciens 6263 LMG15974 III N/A 
Paenibacillus larvae ssp. Pulvifaciens 6264 LMG16247 IV IV 
Paenibacillus larvae ssp. Pulvifaciens 6265 LMG16249 II N/A 
Paenibacillus larvae ssp. Pulvifaciens 6993 LMG14427 IV IV** 
Paenibacillus larvae ssp. Pulvifaciens 6266 LMG16252 III III 
Paenibacillus larvae ssp. Pulvifaciens 7029 LMG14427 IV IV** 
Paenibacillus larvae ssp. Larvae 6678 LMG16241 I N/A 
Paenibacillus sp. 6815 N/A I N/A 
Paenibacillus sp. 6816 N/A I N/A 
Paenibacillus sp. 6817 N/A I N/A 
Paenibacillus sp. 6818 N/A I N/A 
Paenibacillus sp. 6819 N/A I N/A 
Paenibacillus sp. 6820 N/A I N/A 
Paenibacillus sp. 6836 N/A I N/A 
Paenibacillus sp. 6870 N/A I N/A 
Paenibacillus sp. 6930 N/A I N/A 
Paenibacillus sp. 6931 N/A I N/A 
Paenibacillus sp. 6932 N/A I N/A 
Table 3.3: Strains held in the collection at FERA are listed showing LMG reference 
status where appropriate. Strains were typed to 4 ERIC groups, also shown are the 
previous ERIC types assigned by other research groups. *(Genersch et al. 2006) 
**(Watkins et al. 2003) 
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3.5.2. Comparison between assigned ERIC types and a 
16S rRNA phylogeny 
 
 
 
 
 
Figure 3.2: Bootstrap Neighbour joining analysis of the phylogenetic relationship 
between P. larvae isolates. Coloured boxes highlight the ERIC groups assigned to the 
isolates, showing some congruence with the 16S phylogeny produced. Branches 
dissected by parallel diagonal lines have been reduced to a third of the original length. 
 
A degree of congruence was observed between the 16S phylogeny produced and 
the assigned ERIC types. Whilst isolates representing types II - IV showed no 
phylogenetic separation within the 16S phylogeny. ERIC type I isolates were 
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shown to group together within the phylogeny.  Only isolate 6255 belonging to 
ERIC type I was shown to group separately from the other ERIC type I isolates. 
 
3.5.3. Assessing the ability of LFDs to detect all ERIC 
types of P. larvae 
 
Strain Number Details ERIC Type LFD Result 
6254 Type Strain I + 
6678 Type I Replicate I + 
6260 Pll strain II - 
6265 Plp Strain II - 
6261 Pll Strain III - 
6266 Plp Strain III - 
6993 Bio-control strain IV - 
6264 Type IV Replicate IV - 
Table 3.4: Cultured P. larvae isolates representing all 4 ERIC types tested by LFD to 
assess itʼs capability of detecting AFB outbreaks belonging to all ERIC types. 
 
It was observed that isolates belonging to ERIC type I were able to produce a 
positive LFD test result (table 3.3). Isolates belonging to ERIC types II - IV were 
unable to produce a positive test result. This showed that the LFD kits were 
unable to detect all isolates of P. larvae following the revised taxonomy, and 
further suggests that they are unable to detect isolates from type II that had been 
previously identified as subspecies larvae.  
 
3.6. Discussion 
 
Genetic fingerprinting has been used in the identification and taxonomy of 
bacteria for many years. The field of AFB research has used many different 
fingerprinting techniques to achieve the differentiation of isolates (Alippi and 
Aguilar 1998; Genersch et al. 2006). Whilst fingerprinting was never directly 
used to achieve the subspecies differentiation of P. larvae it was thought to 
reflect this and the pathogenicity of the organism (3.2.3). It was only in 2006 that 
this was shown to be incorrect (Genersch et al. 2006). 
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3.6.1. ERIC typing P. larvae isolates 
 
A potential weakness of PCR based fingerprinting methodologies is the 
reproduction of consistent banding patterns between laboratories. The collection 
of reference isolates held several strains which had previously been identified to 
ERIC types I, III and IV (Table 3.3). The band patterns produced by these strains 
were used as a key to identify the ERIC type of all other strains. No reference 
isolate was held belonging to ERIC type II, so it was not possible to identify 
these isolates in this way. Comparison to published ERIC type II patterns 
allowed the identification of the fourth banding pattern, confirming it to be ERIC 
type II. It is believed that this method has correctly identified all four ERIC types 
of the P. larvae isolates. 
 
As AFB infections worldwide have been shown to be caused by isolates 
belonging to ERIC I (Antunez et al. 2009; Genersch et al. 2006), ERIC type I 
was widely considered to be the most pathogenic subset. Type II were shown to 
have varied levels of pathogenicity, and types III and IV were believed to be 
non-pathogenic (Genersch et al. 2006). In this study, it was confirmed by ERIC 
typing that the majority of isolates belonged to ERIC I, further suggesting that 
within the UK, and possibly worldwide, that ERIC I isolates are the most 
prevalent. All environmental samples were expected to be ERIC type I isolates, 
as LFDs were designed to only detect isolates belonging to this group (3.2.6).  
 
Due to the selection of ERIC type I isolates by UK detection methods, it is not 
possible to accurately comment on the prevalence of ERIC type II-IV isolates. 
Colonies colonised with type II-IV isolates are not detected by LFD (table 3.4), 
identification of infected colonies, would rely on the presence and/or detection of 
symptoms. UK bee inspectors were asked to alert us to the presence of colonies 
displaying AFB symptoms and producing a negative LFD test. During the 3 
years of this project, no colonies presenting AFB symptoms but producing a 
negative LFD test were identified, suggesting that ERIC II-IV infections remain 
subclinical or symptomless negating the possibility of detection by inspectors. 
This could also indicate that all AFB isolates from the UK belong to ERIC type 
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I, however a large proportion of colonies would have to be sampled to prove or 
disprove this. 
 
The ERIC typing of isolates showed that strains previously identified as 
subspecies larvae predominantly belonged to ERIC type I, and ERIC type II on 
rare occasions (Genersch et al. 2006). Isolates 6260 and 6261 were previously 
identified as subspecies larvae at point of isolation (Chapter 2.4.1). These 
isolates were identified as ERIC types II and III respectively. ERIC type II 
commonly contains subspecies larvae isolates, however exceptions have been 
noted. ERIC III is believed to contain only subspecies pulvifaciens isolates 
(Genersch et al. 2006). Phylogenetic analysis of these isolates also highlighted a 
closer genetic relation to samples identified as subspecies pulvifaciens (Chapter 
2.5). The observation of these isolates belonging to these ERIC types further 
suggests that these isolates were previously incorrectly identified to subspecies 
level. 
 
The assay was developed to detect changes in inter-genic repetitive sequences 
within the enterobacteriacae, it remains unknown what the target sequence is 
within P. larvae. It was shown that amplification favoured gram-negative 
bacteria, but ERIC-like patterns could be formed from a diverse range of bacteria 
(Versalovic et al. 1991). Upon increasing the annealing temperature, and 
therefore primer specificity, no bands are amplified from non-enterobacterical 
species suggesting primers are binding to sites with partial identity (Gillings and 
Holley 1997). ERIC typing successfully groups isolates based on inter-genic 
sequences into 4 ERIC types. The relationship between this genetic difference 
and the disease phenotype is also unknown. Bioinformatic analysis of the 
genome to highlight the location of the target sequences was not possible due to 
the incomplete nature of the genome. 
 
Whilst the ERIC typing of isolates allowed for a broader understanding of where 
these isolates fit within the global community of isolates, at this time it was not 
possible to use the groupings achieved as a method of differentiating isolates. 
Even though 4 ERIC groups were identified, it is not possible to predict the 
phenotype of isolates based on these groupings.  A variety of other fingerprinting 
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methods have previously been successful at grouping isolates, by combining 
several fingerprinting methods it has been possible to highlight differences that 
exist within a particular fingerprinting type. So far the use of this methodology 
has only highlighted bio-geographical differences between isolates of P. larvae 
(Alippi and Aguilar 1998). The use of other methods such as MBO REP and 
BOX PCR would likely highlight further differences between isolates, however 
without prior knowledge of how the species should be grouped it would remain 
unknown what these intra-species groupings showed. 
 
3.6.2. Congruence displayed between ERIC types and 
16S rRNA phylogeny 
 
The correlation between the 16S phylogeny and the observed ERIC types, has 
not been previously explored. The 16S rRNA subunit is the focus of 
phylogenetic studies of bacteria due to its highly conserved nature. ERIC typing 
is based upon amplifying sections of bacterial genome between ERIC repeated 
sequences. Within Enterobacterial species these 126bp repeats are located on 
polycistronic operons in intergenic regions or flanking a transcribed gene 
(Hulton et al. 1991). It is believed that lower annealing temperatures allow for 
the priming of areas with less similarity (Gillings and Holley 1997). This 
suggests that ERIC repeats most likely do not exist as discussed by Hulton 
(1991) in non-Enterobacterial species. It is unknown if a link exists between 
ERIC-like repeats and 16S rRNA, however a connection is unlikely. It would 
seem more likely that genetically ERIC types II-IV are more similar to each 
other than to ERIC type I. Comparison to the phylogenies produced by purH and 
PyrE genes, also show the same grouping (Chapter 2.5) which adds further 
conviction to this theory. Isolate 6255 is an anomaly, whilst this was identified as 
ERIC type I it did not group with the other ERIC type I isolates. 
 
The availability of more isolates belonging to ERIC types II-IV would allow a 
more systematic analysis of the relationship between the 16S rRNA subunit and 
the fingerprinting data. The low sample numbers may explain the low level of 
congruence between these isolates in the phylogeny. The tree building method is 
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highlighting the closest match within the alignment; with a lack of isolates 
belonging to these groups it is possible that the closest genetic match is in fact an 
anomaly. It is highly unlikely that further isolates belonging to ERIC types II-IV 
will be isolated from hive material. UK detection methods were designed to 
identify ERIC type I isolates, so any sampling based upon LFD detection will 
fail to isolates strains belonging to ERIC types II-IV. It is unknown what 
symptoms ERIC types II-IV infections produce; it is possible that these 
infections exist sub-clinically within colonies. To assess the epidemiology of 
ERIC type I-IV strains it would be necessary to sample colonies randomly, 
regardless of identification of symptoms, from a high percentage of the total 
population. However prior to the commencement of such a study, the presence of 
ERIC types II-IV in UK hives would need to be confirmed. It remains unlikely 
that the true significance of the link between the 16S phylogeny and the ERIC 
types will be fully realised.  
 
3.6.3. Assessing the suitability of LFD kits for the 
detection of AFB outbreaks 
 
The LFD results show that the primary method used in the UK for confirming 
AFB infection method only gave positive result for isolates belonging to ERIC 
type I. It failed across all isolates tested to detect isolates identified as belonging 
to ERIC types II-IV. Due to the previous taxonomic groupings and the 
prevalence of ERIC type I isolates, the antibodies present in the LFD were raised 
against a target specific to ERIC type I isolates. At the time of design, ERIC I 
isolates were believed to represent the virulent phenotype of the species. 
 
The true impact of this assay only identifying isolates belonging to ERIC I, is not 
known. Whilst it is known that this assay does not detect all isolates, it is known 
that the most prevalent ERIC type is I (table 3.3). It is believed that isolates 
belonging to ERIC types II-IV exist as subclinical or symptomless infections 
within colonies. The overall impact of these infections is unknown. Three years 
of careful monitoring of colonies for AFB or suspicious symptoms coupled with 
a negative LFD test showed that inspectors did not face unexplained diseased 
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colonies. So even upon the exclusion of LFD results, no colonies were identified 
as potential ERIC II-IV AFB infections, so no environmental ERIC type II-IV 
isolates where isolated. It is still unknown how prevalent ERIC type II-IV strains 
are within UK colonies, or within colonies worldwide. 
 
In Sweden two colonies displaying AFB symptoms were shown to be LFD 
negative, these were later identified as belonging to ERIC type II. This was the 
only reported outbreak of AFB, where the LFD was not able to confirm the 
infection (pers comm. Dr Richard Thwaites, FERA). 
 
Without a much larger random sampling plan, with a LFD independent isolation 
technique, it is not possible to comment on the numbers of colonies with ERIC 
type II-IV infections. ERIC type I infections have been shown to cause larval 
mortality slower than ERIC type II-IV infections (Genersch et al. 2006). This 
slower rate of mortality allows for infected cells to be capped over by worker 
bees, this allows the infection to fully progress until only AFB scales remain. It 
has been suggested that ERIC type II-IV infections are capable of killing larvae 
prior to cell capping, this results in the removal of the dead larvae before AFB 
scales are formed limiting the spread of the disease. Due to this it is predicted 
that ERIC I infections are more likely to infect an entire colony opposed to ERIC 
II-IV infections that are more likely to cause acute infections limited to isolated 
cells. Overall the findings of inspectors within the UK suggest that colonies 
displaying AFB symptoms are infected with ERIC type I isolates. It is unknown 
if asymptomatic colonies exist within the UK, and unknown what ERIC type 
would be responsible. Whilst acute ERIC II-IV infections may occur in hives, the 
affect of these infections on the overall health of the colony is unknown. Without 
the occurrence of ERIC II-IV outbreak during the past 3 years, it is unlikely that 
re-designing the LFD antibodies would result in the detection of any further AFB 
infections. 
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3.7. Conclusion 
 
The use of ERIC fingerprinting has been widely documented within AFB, as 
previously noted strains were grouped in to 4 ERIC types (Genersch et al. 2006). 
As expected UK outbreaks of AFB were found to belong to ERIC type I. 
Outbreaks around the world have also been shown to predominantly belong to 
ERIC type I, however other ERIC types have been isolated from infected 
colonies (Antunez et al. 2009; Genersch et al. 2006). Once more the lack of 
detailed information surrounding the isolates combined with the revision of the 
phenotypic traits associated with the isolates meant that whilst it was possible to 
achieve intra-species groupings the relevance of the groupings was not fully 
understood. Without further knowledge surrounding the pathogenicity factors or 
the differing levels of virulence that exist between isolates, it was not possible to 
utilise the intra-species groupings achieved. Whilst previously these groupings 
were believed to reflect the virulence of the organism, taxonomic revision has 
shown this not to be the case. 
 
It seems that congruence exists between 16S rRNA phylogenies and the ERIC 
types of isolates (Figure 3.2). This relationship is not understood, as the 16S 
rRNA subunit is not linked to these inter-genic amplified regions of the genome. 
The data shown suggests that ERIC type I isolates are monophyletic within a 16S 
rRNA phylogeny. It is possible to comment on the relationship between ERIC 
types II-IV and the 16S phylogeny as the true relationship between these isolates 
is unlikely to be shown with minimal sample size. Chapter 2 also highlighted a 
link between housekeeping genes and ERIC type I strains, thus suggesting that 
genetically ERIC types II-IV differ from ERIC type I (of which the type strain 
belongs to). A larger sample size would be required to determine the genetic 
relationship existing between ERIC types II-IV, at present it is not possible to 
accurately separate these groups based upon genetic data. 
 
Whole genome analysis of P. larvae highlighting the location and significance of 
these inter-genic regions would provide an insight into the potential future use of 
this method for the intra-species differentiation of isolates. Genome analysis 
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would allow for exploration of the link between 16S and the ERIC types to be 
better understood. Whilst many methods are available for the intra-species 
differentiation of these isolates, the true meaning of these differentiations will 
not be known without a more detailed knowledge of the virulence of the 
organism. 
 
Isolates previously identified as belonging to subspecies larvae, classically 
associated with AFB outbreaks were shown to belong to ERIC group I. However 
isolates 6260 and 6261 both isolates originally classified as subspecies larvae 
were shown to belong to ERIC types II and III. Combined with the phylogenetic 
data collected in a previous experiment, it is likely that these isolates were 
incorrectly identified at the time of isolation. The use of the previous taxonomic 
subspecies standards has been completely dropped, so the relevance of 
identifying previous groupings serves merely as an insight to the origins of the 
isolate. Whilst it is possible to suggest that these isolates are incorrectly 
identified, without the use of the previous subspecies differentiation, the 
production of revised descriptions of the isolates would be meaningless. 
 
Lateral flow devices are widely used within the UK as a secondary diagnostic 
tool; these devices are also used worldwide for the identification of AFB 
infections. This experiment showed that whilst the LFDs would detect the 
predominant ERIC type of AFB infections. They did not reflect the latest 
taxonomic revision and would not identify outbreaks belonging to ERIC types II-
IV. The epidemiology of ERIC type II-IV infections remains unknown, so the 
impact of not detecting these isolates is not known.  
 
Within the duration of this project no outbreaks were discovered in the UK that 
belonged to ERIC types II-IV. It therefore seems unreasonable to deem the LFD 
unfit for purpose, but it should be combined with prior knowledge of AFB 
infections to ensure ERIC type II-IV outbreaks are correctly identified. A large-
scale LFD independent random sampling method, would be required in order to 
assess the epidemiology of the different ERIC types found within colonies. 
However if, as previously suggested, ERIC II-IV infections are more likely to 
exist as acute cell localised infections with limited spread within a colony, 
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detection of these ERIC types would be unlikely even if infected colonies were 
sampled. 
 
It is suggested that prior to the re-designing of the antibodies used in the LFD kit, 
ERIC types II-IV are first isolated from UK colonies. A better understanding of 
the colony level infections caused by these ERIC types is also required, whilst it 
is known that infections are more likely to be acute, the effect of these acute 
infections on the colony is unknown. As experienced bee inspectors perform 
primary identification, it is unlikely that current testing methods are failing to 
detect symptomatic AFB infections. It is likely that asymptomatic infections are 
missed, but it is unknown if these infections lead to a symptomatic AFB 
infection or would continue to be asymptomatic. Therefore it is unknown if 
subclinical AFB infections should be detected in order to control the spread of 
AFB. 
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Chapter 4  
In-vitro comparison of virulence 
displayed by Paenibacillus larvae 
isolates 
 
4.1. Summary 
 
• No correlation found between proteolytic activity observed on milk agar 
and in-vitro virulence of isolates 
• Strain 6993, suggested to be a non-pathogenic isolate, is highly virulent 
in-vitro 
• Production of large quantities of endospores believed to be the 
phenotypic difference responsible for the difference in virulence observed 
between strains 6254/6678 and 6993. 
• Reducing the initial spore dose of 6993 resulted in similar larval mortality 
to that produced by strains 6254/6678. Suggesting sporulation was 
responsible for the difference in in-vitro virulence. 
  
4.2. Introduction 
 
AFB is a significant disease of UK apiaries. Although incidence has reduced, this 
nevertheless remains a destructive disease, whose underlying epidemiology is 
not well understood (Alippi et al. 2007; Genersch 2009; Genersch et al. 2005). In 
chapter 2 it was shown that minimal genetic differences existed between isolates 
of P. larvae, however based upon the genes studied it was possible to identify 
two potential genotypes. Chapter 3 explored the use of ERIC fingerprinting as a 
means of intra-species differentiation, 4 ERIC types can be identified within P. 
larvae. It is known that ERIC I isolates are responsible for the majority of 
outbreaks worldwide (Antúnez et al. 2009; Genersch et al. 2006), ERIC IV 
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isolates whilst capable of causing infection in-vitro have never been identified as 
the causative agent behind a colony wide AFB infection (Genersch et al. 2006). 
Based upon the genotypes seen in chapter 2, it appears that ERIC types I-III 
share more sequence homogeny than the more diverse ERIC IV isolates. 
Detection using LFD kits showed a difference between ERIC type I, II and III, 
with the device only able to identify bacteria belonging to ERIC type I. 
 
Pathogenicity is the key phenotype, yet the LFD tests and strain assays are based 
on a limited subset of the diversity within the species. Since the adoption of the 
2006 taxonomic revision, to drop the subspecies differentiation based upon in-
vitro pathogenicity (Genersch et al. 2006), previous intra-species differentiations 
are not representative of the pathogenic sub-set. To understand fully the 
epidemiology, distribution and outbreak characteristics, we need a quantitative 
assessment of pathogenicity among isolates. 
 
Many reference isolates are available of P. larvae of both subspecies larvae and 
subspecies pulvifaciens, however the information regarding the origins or 
pathogenicity of the isolates is virtually none existent. The type strain of P. 
larvae 6254 has very little data regarding location or the disease produced. It was 
apparent that differences observed in the laboratory or in genetic data would 
have little relevance to the virulence of the organism, as this was essentially 
unknown. Due to the revised species definition several strains that had been 
identified as subspecies pulvifaciens had no reliable background information, as 
many of these strains had now been shown to cause infection. The inability to 
cause infection was considered the main factor in the taxonomic definition of 
subspecies pulvifaciens. Tracking down the original depositors of the strains was 
not an option, as often this information was missing. The majority of isolates 
were deposited over 50 years ago; it was unlikely after this time that the contact 
information was still correct. To reliably understand the differing virulence 
between isolates, new data would have to be collected. 
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4.2.1 Assessing the virulence of P. larvae isolates 
 
The intra-species differences in virulence have been more widely studied in 
bacteria capable of causing human infection. The normal human intestinal gut 
flora contains E. coli (Eckburg 2005), despite its presence one strain of E. coli 
(0157:H7) is considered potentially life threatening (Tarr 1995). Despite the vast 
differences in symptoms produced by E. coli infections, all isolates remain 
grouped under one species differentiated as serotypes of the species. This project 
aimed to determine whether a differentiation could be made between pathogenic 
and non-pathogenic strains of Paenibacillus larvae. It was apparent that 
methodologies used to differentiate strains was inadequate and did not reflect the 
pathogenicity of all P. larvae isolates. The route of infection in P. larvae is not 
fully understood. It has been shown that only spores are capable of causing 
infection (Genersch 2010a; Genersch 2010b), after germination and massive 
proliferation in the larval gut (Yue et al. 2008) the infection becomes systemic. It 
is not understood how the bacterium is able to travel across the larval gut wall, 
however it has been suggested that the bacterium exploits a weak section of the 
gut (Yue et al. 2008). Once the infection has become systemic the bacterium 
begins to digest the larval remains until only bacterial spores remain in the form 
of AFB scales (Alippi et al. 2005). Whilst the mode of infection is not 
understood two key factors can be identified from the infection pathway; 
bacterial spores and proteolytic enzymes. 
 
4.2.2. Proteases as a virulence factor? 
 
Bacterial proteases are often over looked as virulence factors, as they are 
considered to be core to the survival of the bacterium under any growth 
conditions. It has been suggested that proteases should be considered virulence 
factors if shown to aid the infection of a host (Lantz 1997). Studies of the 
Bacillus genus have shown that B. subtilis, often considered a non-pathogenic 
bacterium, contains 24 proteases genes compared to the pathogenic species B. 
cereus containing 49-61 and B. thuringiensis containing 52 (Han et al. 2006). 
Whilst no direct link exists between the additional protease genes and the 
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virulence of the organism, it is reasonable to assume that these genes were 
acquired to provide an advantage to the infectious bacterium. Comparisons can 
be made between B. thuringiensis infections and P. larvae infections as 
symptoms produced are indicative of proteolytic activity.   
 
Although no protease has been proven to be implicitly involved in the virulence 
of P. larvae, many have been suggested as potential virulence factors (Dancer 
and Chantawannakul 1997; Holst and Sturtevant 1940). Commonly implied is 
the involvement of a metalloprotease (Dancer and Chantawannakul 1997; 
Hrabak and Martinek 2007; Jarosz and Glinski 1990). Metalloproteases have 
been suggested as a potential virulence factor in B. anthracis (Chung et al. 2006), 
a closely related organism to B. thuringiensis. Genersch (2004) identified a 
metalloprotease only present in subspecies larvae. Whilst subsequent in-vitro 
pathogenicity testing revealed isolates not possessing this metalloprotease were 
able to cause infection (Ashiralieva and Genersch 2006), it does highlight the 
potential for phenotypic differences to be observed. 
 
One of the earliest identification methods for AFB was the observation of 
proteolytic activity on milk (Alippi 2001). The presence of proteases produced a 
zone of clearing, which was believed to indicate a positive AFB test result. With 
the symptoms displayed and the lack of any other suggested virulence factors, 
identifying differences in the proteolytic activity of isolates was the logical 
starting point for the differentiation of isolates based upon phenotypic properties. 
 
4.2.3. Sporulation essential for virulence of P. larvae 
 
P. larvae is only capable of causing infection as a spore (Genersch 2010a), so the 
ability to form adequate numbers of viable spores is arguably a critical virulence 
factor. It was previously believed that P. larvae once in the larval mid gut existed 
solely as vegetative cells (Dancer and Chantawannakul 1997). The existence of 
giant whips, considered an indication of sporulation, at all time points during 
infection suggests that P. larvae sporulates throughout (Yue et al. 2008). It has 
been suggested that proteases are produced by P. larvae at the point of 
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sporulation (Dancer and Chantawannakul 1997), this has been noted in other 
spore-forming bacteria (Hoch 1993). 
 
Research into the sporulation of P. larvae had suggested it was a notoriously 
difficult organism to induce sporulation in, however previous experimental work 
in this project had not exhibited this problem. The pathogenic background of the 
majority of isolates held, suggested that isolates all posed the ability to sporulate 
in sufficient numbers to cause infection. Previous experimental work did not 
require specific spore counts for individual isolates.  
 
4.2.4. Origins of the in-vitro Honeybee rearing 
methodology 
 
Early beekeeping involved the capture of a swarm of bees in a suitable hive like 
container. During the 1600s scientists and beekeepers were able to observe bees 
much more closely due to improving hive designs. As the understanding of 
honeybee lifecycles improved, beekeepers were able to further improve 
husbandry techniques effectively shaping the way that beekeeping is carried out 
today out. As the importance of breeding and husbandry became clear, methods 
were developed that allowed controlled breeding within their apiaries, effectively 
allowing the selection of queens that would produce the best offspring.  
 
This method involved grafting larvae into special cell cups that were then 
adhered to a specially adapted frame. This was then inserted into the centre of a 
brood box, whilst the queen of that hive was excluded from the chamber. 
Workers would then continue the process and raise new queens in the absence of 
their own queen. Once the cells are capped over, they can be moved to a special 
smaller hive called a nuc. Workers continue to raise the queen until emergence. 
At this point controlled mating can be carried out using pre-selected drones. This 
produces a mated queen ready to be inserted into a colony at which point she 
would begin to lay. 
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This method has been adapted to enable rearing of honeybee larvae in a sterile 
environment. Understanding the key milestones of the honeybee lifecycle (figure 
4.1) and dietary requirements of the larvae it is possible to successfully rear the 
larvae in-vitro. 
 
 
Figure 4.1: Honeybee larval development and how this impacts in-vitro rearing. 
 
4.2.5. Original in-vitro Honeybee rearing method 
 
A consortium of European laboratories lead by the French National Institute for 
Agricultural Research (INRA) have developed a standard method defining 
optimum age and size of brood to be grafted into artificial cell cups (Appendix 
7). By maintaining the optimum environmental conditions, whilst providing the 
appropriate diet honeybee larvae reared this way can reach maturity. The method 
was developed for pesticides testing to evaluate the impact on honeybee brood. 
This standardised test allows comparison of results from different laboratories. 
 
Genersch (Ashiralieva and Genersch 2006; Genersch et al. 2005; Genersch et al. 
2006) adapted this method for the study of larval mortality after AFB infection. 
The methodology allowed the infections to be observed at various time points 
prior to death; this was carried out in a sterile environment under highly 
controlled conditions. This method was able to standardise the pathogenicity 
testing, so that results could be compared. It did this by removing the differences 
between colonies and environmental conditions at different locations. It was 
possible to observe AFB infections under controlled conditions; as such direct 
comparisons could be made between isolates. 
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4.3. Aims 
 
• To determine if a correlation exists between the level of proteolytic 
activity observed and the in-vitro virulence of isolates. 
• To collect more quantifiable pathogenicity data from isolates. 
• To determine if the type-strain isolate of P. larvae (6254) is an accurate 
representative of the pathogenic sub-type. 
• To determine if strain 6993 is non-pathogenic as previously stated. 
 
4.4. Materials and Methods 
 
4.4.1. Bacterial Isolates 
 
Initially the relationship of proteolytic activity and virulence was studied using 5 
isolates (table 4.1). The experiment was later expanded to compare the in-vitro 
virulence of 11 reference isolates (figure 4.3). Full details of these isolates can be 
found in chapter 2.4.1. 
 
4.4.2. Growth of Bacterial Isolates 
 
Bacterial isolates were grown from frozen storage beads when required on BHI-
T or TMYGP growth media at 34°C (appendix 1). 
 
4.4.3. Protease Screening 
 
Milk agar was made to a 5% concentration using Oxoid agar No.1. The milk 
solution was heated to 72°C using a steamer, avoiding the denaturing of the 
proteins. This milk solution was added to molten agar at <50°C. Milk agar was 
inoculated using a sterile spike inoculated with a broth P. larvae culture. In the 
presence of proteases, a zone of clearing is produced around the site of 
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inoculation. If no zone of clearing was present this indicated a lack of proteolytic 
activity. Data produced was statistically analysed using XLSTAT 2012, ANOVA 
testing was performed to test the null hypothesis that inoculation with P. larvae 
spores is not responsible for producing zones of clearing; indicating protease 
production. 
 
4.4.4. Inducing sporulation 
 
BHI-T broth was used for the accumulation of bacterial spores. This was 
incubated at 34°C and shaken on an orbital shaker at 170rpm. Spore counts were 
made after 72 hours. The following media were tested in order to induce 
sporulation; 
• BHI / BHI-T 
• TMYGP 
• Corn steep liquor 
• Corn Steep solids 
• Blood agar slants 
• Blood agar plates / BHI & BHI-T plates 
 
No significant increase in sporulation was detected; it was decided to use BHI-T 
liquid media for the sporulation of P. larvae isolates. 
 
4.4.5. Enumeration of spores 
 
1 ml of spore culture was taken and spun in a centrifuge at 13,000rpm for 1 
minute. The pellet was then re-suspended in dH2O before heating to 80°C for 10 
minutes to kill all vegetative cells. Serial dilutions were made of the heated spore 
suspension; these dilutions were plated on BHI-T agar and incubated at 34°C for 
72 hours. The number of colonies present after this time allowed for the 
calculation of the number of viable spores present in the spore suspension. 
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4.4.6. Exposure Assay 
 
The in-vitro exposure assay (Appendix 8) was used to measure the difference in 
virulence exhibited by the strains producing differing levels of proteolytic 
activity (table 4.2). Survival analysis was performed using XLSTAT2012, this 
allowed the comparison of data providing statistical representation of the 
differences exhibited after treatment with P. larvae strains. The same method 
was also employed to test a wider number of strains (figure 4.3). In 2010 the 
method was adapted to test one strain of bacteria at a variety of pre-determined 
spore loads. Experimental set up was identical to previous experiments, with 
differing spore counts replacing different strains of bacteria. XLSTAT was used 
to calculate the significance of the difference existing between different 
replicates of the same spore dose. 
 
The experiment used 48 well plates, 2 groups of 24 larvae per plate. Due to the 
experimental set up each larva was considered a replicate, therefore each 
bacterial isolate or control contained 24 replicates. 
 
4.4.7. Evaluating differences in virulence between ERIC 
types I and IV 
 
This experiment was set to run from June – September 2010, testing 4 strains of 
P. larvae along with a negative control.  
 
Treatment ERIC Type 
Negative Control (dH2O) N/A 
6254 I 
6678 I 
6264 IV 
6993 IV 
Table 4.1: details of the strains chosen to explore the differences in virulence existing 
between ERIC type I and IV. 
 
Strains 6254 and 6993 were chosen due to their previous phenotypic 
observations, with 6254 being labeled pathogenic and 6993 labeled non-
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pathogenic. Strains 6264 and 6678 both displayed moderate levels of virulence 
representing the majority of isolates tested. 
 
Strain 6254 is the type strain of pathogenic P. larvae isolates so was included as 
a point of reference. Previous work had highlighted strain 6993 as a potential 
bio-control isolate for use against EFB, this strain was also an example of 
subspecies pulvifaciens and was thought to be non-pathogenic.  Strain 6678 is an 
ERIC type I replicate and strain 6264 is an ERIC IV replicate. The use of these 
isolates allows comparison both between the different ERIC types and amongst 
the same ERIC types to look at the variation of results. 
 
4.5. Results 
 
 
4.5.1. Measuring Proteolytic activity 
 
Strain LMG Ref 
Average Zone of Clearing 
(mm) 
[Minimum / Maximum] 
Previous taxonomic 
Grouping 
6932 N/A 9.5     [8 / 11] N/A 
6255 14425 8        [8 / 8] Subspecies larvae 
6256 14426 11      [11 / 11] Subspecies larvae 
6930 N/A 12      [12 / 12] N/A 
6993 14427 0        [0 / 0] Subspecies pulvifaciens 
Table 4.2: The observed proteolytic activity of 5 P. larvae isolates, average zone of 
clearing produced is shown with the minimum and maximum values also included. The 
previous subspecies identification of the isolates is also listed.  
 
Source Degrees 
of 
Freedom 
Sum of 
squares 
Mean 
squares 
F P Value 
Model 5 291.750 58.350 77.800 < 0.0001 
Error 6 4.500 0.750   
Corrected 
Total 
11 296.250       
Table 4.3: ANOVA analysis of the variance within the data set 
 
The milk agar assay displayed varied results, isolates 6255 and 6256 did produce 
zones of clearing, and similar results were achieved from the UK environmental 
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isolates 6932 and 6930. The proposed bio-control isolate 6993 produced no zone 
of clearing. ANOVA analysis of the data (table 4.3) produced showed that the 
difference between treatments was significantly different across the 5 groups F 5,6 
= 77.8, p= <0.0001. Post-Hoc Dunnett (two sided) analysis of the differences 
between treatments and the control category (H2O) showed that the greatest zone 
of clearing was caused by isolate 6930 (12mm). The same analysis showed 
isolates 6256, 6932 and 6255 (ranked in order below isolate 6930) to cause a 
significant zone of clearing (p= <0.0001) at a 95% confidence interval. 
Isolate 6993 was shown not to cause a significant difference in the zone of 
clearing produced (p=1) at a 95% confidence interval. 
 
 
4.5.2. Correlation between observed proteolytic activity 
and in-vitro virulence 
 
In-vitro pathogenicity testing revealed that the correlation expected between 
proteolytic activity and virulence was not seen (Figure 4.2). Strains producing 
larger amounts of proteolytic activity (6255, 6256, 6930 and 6932), exhibited 
very low levels of virulence in-vitro. The maximum number of deceased larvae 
for these isolates was seven, whilst the minimum was four after two hundred and 
forty hours. The bio-control isolate (6093) was shown to display high levels of 
virulence, despite exhibiting low levels of proteolytic activity. Both replicates of 
this isolate killed 100% of the test larvae within one hundred and ninety two 
hours. 
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Figure 4.2: Time series plot of larval mortality when infected with isolates of P. larvae. 
Each sample comprised of 24 honeybee larvae, and the experiment was performed 
twice on separate occasions, average results are shown. Survival analysis showed that 
all isolated tested were significantly different to the control. 
 
Treatment Mean Time of Death 
(hours) 
6932 210 
6255 154 
6256 205 
6930 192 
6993 72 
Control 207 
Table 4.4: The average time taken by the tested treatments to cause mortality in the test 
larva. Calculated by Kaplan-meier survival analysis. 
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Figure 4.3: The cumulative hazard function calculated using Nelson-aalen survival 
analysis. This represents the hazard associated with each respective treatment. 
 
Figure 4.4: The survival distribution function as calculated by Nelson-aalen survival 
analysis. This represents the likelihood of survival by larvae infected with the respective 
treatments. 
 
 
Survival analysis confirms what was displayed in the time series chart, that 
treatment with isolate 6993 poses the greatest hazard to the survival of honeybee 
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larva. This can be clearly seen in the mean time to death as well as the 
cumulative hazard function and the survival distribution function (tables 4.3 and 
4.4). The remaining treatments all proved to be less likely to cause larval 
mortality, this was again reflected in the mean time to death, cumulative hazard 
function and survival distribution function. The control was shown by both 
survival distribution function and cumulative hazard function to have the least 
affect on the health of larva. However the mean time to death of control larvae 
was calculated to be lower than that of treatment 6932, this can be explained 
after inspecting the raw data. Treatment with 6932 caused deaths at later time 
points than the control where the majority of deaths happened closer to the 
beginning of the experiment.
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4.5.3. Comparative in-vitro virulence testing of reference 
isolates 
 
 
 
Figure 4.5: Time series plot of larval mortality from all reference isolates, data 
normalised against control mortality to allow comparisons between grafting sub-sets. 
 
 
The data collected showed that most strains failed to diverge more than +/-5 
larvae away from the mortality rate of the control cells (figure 4.5). Several 
strains displayed lower levels of mortality than the control; one of these isolates 
was strain 6254. This isolate is considered the pathogenic type strain of the 
species. The majority of isolates tested displayed between 3 and 8 more deaths 
than the control at 240 hours. Once more the replicate bio-control isolate 6993 
exhibited the highest level of virulence. 
 
4.5.4. Differences in sporulation 
 
 
Initial experiments were carried out on a select few strains of P. larvae, these 
experiments looked at the levels of sporulation exhibited by the strains in 
question. No significant differences were observed at this time, all strains tested 
produced relatively similar numbers of viable spores. Earlier pathogenicity 
testing had sought to cause infection, spore doses were not being tested and it 
was planned to provide an excessive amount of spores in order to maximize the 
symptoms observed. All strains were grown to an optical density that was known 
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in several isolates to produce an excessive amount of spores. The cells were 
harvested and heat shocked to produce a spore suspension. 
 
This experiment highlighted that there was a vast difference in sporulation 
between ERIC I and ERIC IV strains, to the order of 103 spores. The difference 
in levels of sporulation was hard to correct due to the low levels produced by 
ERIC I isolates. The maximum number of spores produced was 200 ml-1, it was 
calculated that experiments required at least 20,000 spores. Upon scaling up the 
volume of the ERIC I sporulation cultures, showed that over 15ml the amount of 
viable spores decrease, whilst volumes over 50ml produced no viable spores. 
This study suggests the optimum volume for sporulation is <10ml, however 
>25% of the inoculated broths produced no viable spores. 
 
 
4.5.5. Evaluating the virulence of strain 6993 at lower 
spore doses 
 
 
In 2009 all strains were grown to a uniformed optical density. From this it was 
possible to calculate the number of spores fed to the larvae in this experiment. 
Previous tests had shown that this optical density produced sufficient spores to 
cause infection. 
 
Strain Viable Spores at OD 0.60 (ml-1) Spore dose per in-vitro well 
6254 70 44 
6993 22,000 13,750 
Table 4.5: Enumeration of viable spores ml-1, at the optical density strains were grown 
to for previous in-vitro testing. 
 
It was possible to calculate the dose of spores fed to the larvae in the 2009 
experiment. This showed that larvae infected with isolate 6254 had received 44 
spores each, whilst larvae inoculated with strain 6993 had received 13,750 spores 
each. 
 
Due to the large quantity of spores produced by strain 6993, it was possible to 
observe the virulence of the isolate at varying doses. Virulence data was 
collected from the varied spore doses (Figures 4.6 and 4.7). It was shown that 
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similar levels of virulence were displayed by strain 6993 when the initial spore 
dose was lowered to a similar value to that of 6254. Results from plate one 
showed the expected dose curve, with an increase in larval mortality correlating 
with the increased spore dose. Results from plate 2 showed a greater number of 
larval deaths overall, and all infected larvae produced very similar levels of 
mortality with 20 spores showing higher levels of mortality than 200 spores. The 
control values on both plates showed very similar levels of mortality. 
Comparison of the survival distribution function plots was able to provide a 
measure of the significance of the difference existing between the treatments on 
plate 1 and 2. In the instance of the control and the 2000 spore dose, the 
difference observed between plates was statistically insignificant with a P-value 
of >0.01. The differences observed between plates at 20 and 200 spore doses 
were calculated to be significant, with the difference at a dose of 20 spores being 
the most statistically significant. 
 
 
 
Figure 4.6: Larval mortality at 24-hour intervals. Each group consisted of 12 larvae and 
data shown on this graph represents the first repetition. 
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Figure 4.7: Larval mortality at 24-hour intervals. Each group consisted of 12 larvae and 
data shown on this graph represents the second repetition. 
 
 
 
4.6. Discussion 
 
4.6.1. Evaluation of the laboratory in-vitro honeybee 
rearing method 
 
Development of the method demonstrated that in-vitro testing could be used 
successfully to follow larval development. Several larvae tested were able to 
develop well into the pupation stage at which time they took on a more adult-like 
form. The method was however terminated before any of these pupae had the 
chance to emerge as adult bees, however it is likely that adult bees could be 
produced using this method. 
 
Most AFB infections take place very early on in the life cycle of the larvae, 
however some strains can take up to 8-12 days to show symptoms. After this test 
it was decided that 10 days was the optimum amount of time for this experiment 
to run, at around this stage larvae begin to defecate which leaves them in un-
hygienic conditions without the worker bees to clean out the cells. It was decided 
that it was impractical to move them in to a new clean environment at this point 
as that introduces yet more variables and more manual handling in to the already 
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complex procedure. Background mortality rates were sufficiently low (<10% - 
Appendix 8) that 4 plates per day (192 larvae) could be grafted per day for 
meaningful results. 
 
4.6.2. Is proteolytic activity a good proxy for determining 
the virulence of isolates? 
 
Analysis of isolates on milk agar showed that several strains classically defined 
as subspecies larvae produced larger zones of clearing than those classically 
defined as pulvifaciens. Whilst the UK environmental isolates were never 
defined to a subspecies level, it was known that these isolates came from 
colonies displaying typical AFB symptoms. Proteolytic activity has always been 
associated with AFB infections (Dancer and Chantawannakul 1997; Holst and 
Sturtevant 1940). Despite several attempts to identify the protease responsible for 
the symptoms; no research has ever directly linked proteolytic activity with the 
virulence of the organism. 
 
Based upon the assumed involvement of a proteolytic enzyme in the virulence of 
P. larvae, the results obtained were to be expected. With isolates from a known 
pathogenic background exhibiting the most proteolytic action and isolates 
defined as non-pathogenic displaying no proteolytic action. Upon testing the 
virulence of these isolates in-vitro, a negative correlation was observed. 
Pathogenicity testing showed that the isolates believed to be pathogenic, 
displayed low levels of virulence and isolates termed non-pathogenic displayed 
very high levels of virulence. 
 
This showed that detectable differences in the proteolytic activity produced by 
these isolates, could not be used to predict the in-vitro virulence. The results here 
are unable to confirm the implication of proteases in the virulence of P. larvae, 
as it is likely that growth media used with the laboratory does not cause the 
expression of the same genes that growth within a larval gut would. 
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4.6.3. Comparative in-vitro virulence testing on a wider 
number of isolates 
 
Decisions had to be made about the future of this experiment; otherwise further 
testing would have to be put on hold until the 2010 beekeeping season. It was at 
this time that it was decided to collect as much data as possible before the end of 
the 2009 season, leaving any and all analysis until the quieter winter period. 
 
The in-vitro assay showed variability among strains in virulence. A degree of 
variability was expected between isolates, though previously all strains of P. 
larvae were shown capable of causing increased larval mortality (Ashiralieva 
and Genersch 2006; Genersch et al. 2005; Genersch et al. 2006). Differences had 
been previously noted in the time taken to reach larval mortality (Ashiralieva and 
Genersch 2006; Genersch et al. 2005; Genersch et al. 2006), although no 
significant change was noted in the percentage of larval mortality. It is worth 
noting that the methods employed by Genersch (Ashiralieva and Genersch 2006; 
Genersch et al. 2005; Genersch et al. 2006) differ from the methodology used 
within this thesis, Genersch used controlled doses of bacterial spores and after 
the initial feed containing bacterial spores larvae were transferred to a new sterile 
environment to observed disease progression. Whilst this does mimic hygienic 
behavior exhibited by worker bees, it was believed that the increased handling of 
the larvae would likely cause increased larval mortality. The difference existing 
between the methodologies has not yet been compared. 
 
This experiment allowed all strains to be compared equally, without having to 
interpret various sources of data surrounding the epidemiology of the various 
outbreaks and unlike those sources of data; the credibility of this experiment did 
not need to be considered during the analysis. Once again it was shown that 
strain 6254 did not display the expected levels of virulence. AFB infections 
should take around 8 days before larval death is observed (Genersch 2010a; 
Genersch et al. 2005), but this experiment ran for 10 days and no increase in 
larval death was noticed throughout.  By contrast, strain 6993 displayed high 
levels of virulence despite the strain being suggested as a potential bio-control to 
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prevent EFB in honeybees (Watkins et al. 2003). In-vitro testing had shown that 
use of this isolate for control of EFB was not possible due to the hypervirulence 
observed (figure 4.1-3). The reason for this increased level of virulence was 
unknown, however it was previously noticed that this strain caused increased 
levels of larval mortality (Watkins et al. 2003). This was attributed to an 
increased initial spore load, and was not considered problematic. It is not 
advisable to continue the work regarding this isolate as a bio-control, as it is 
highly likely any colonies dosed with these spores will result in significant levels 
of larval mortality. Over 96% of larvae infected with this isolate were deceased 
within the 10 days of the experiment. 
 
4.6.4. Confirming P. larvae was responsible for larval 
mortality 
 
Ideally a Koch’s postulates type experiment would have been performed 
whereby the bacteria recovered from the deceased larvae was identified and used 
to re-infect a further group of larvae. This was not deemed possible, whilst it was 
possible to recover P. larvae from all deaths associated to strain 6993, it was not 
possible to confirm beyond reasonable doubt that the same strain of bacteria had 
been recovered. Deceased larvae often measured <2mm x 1mm, a solution could 
not be found to ensure that the recovered bacteria originated within the larval 
gut. Methods were trialed whereby larvae were cleaned, to ensure that bacterial 
spores did not exist on the surface of the larvae, due to the fragile nature of the 
decaying larvae it was not possible to adequately clean the external surface of the 
larvae to remove all bacterial spores. As a large control set was set up alongside 
all subsets of isolates tested, this ensured that under non-infected conditions 
lower levels of larval mortality were seen. 
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4.6.5. Evaluating the observed difference in in-vitro 
virulence between ERIC type I and ERIC type IV 
isolates 
 
Whilst it would have been possible to collect repeat data from all of the strains 
tested in 2009, at this time the differences between strains 6993 (considered non-
pathogenic) and 6254 (considered pathogenic) were of greater interest. Whilst 
recent research had suggested that ERIC IV isolates had the potential to be more 
pathogenic than ERIC I isolates. The suggestion of isolate 6993 as a bio-control 
for use in honeybees, suggested that the levels of virulence displayed within this 
project were higher than those previously observed. ERIC I isolates, of which 
6254 is the type strain, have been associated with the vast majority of AFB 
outbreaks around the world (Antunez et al. 2009; Ashiralieva and Genersch 
2006). Within the UK all environmental samples tested, proved to be ERIC type 
I (Chapter 3.5.1). It was not understood why this difference in virulence existed 
in-vitro.  
 
It has been shown that in-vitro studies of AFB infections have a negative 
correlation with in-situ testing (Rauch et al. 2009). This suggested that higher 
rates of larval mortality observed in-vitro were not observed in-situ, hygienic 
behavior of workers was deemed to be responsible for this difference. Work 
carried out in-vitro excludes adult bees to limited contamination between 
replicates. In a colony larvae that die prior to cell capping are removed and the 
cells are cleaned. AFB infections must progress to the production of AFB scales 
for the disease to be spread by workers (Lindström 2008; Lindström et al. 2008). 
This suggests that rapid in-vitro larval mortality is more likely to occur as an 
acute infection within a colony, opposed to slower rates of in-vitro mortality 
capable of causing a systemic colony infection. Whilst it had been shown that 
isolates displaying more rapid larval mortality were less virulent within a hive. 
Strain 6254 was not able to increase larval mortality over the control cells this 
could not be explained. 
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Strains 6678 and 6264 were chosen as replicates, both isolates displayed low 
levels of in-vitro virulence. The additional study of these isolates, allowed for the 
comparison of differences both between ERIC types and of the differing 
virulence displayed within an ERIC type. 
 
4.6.6. Differences in sporulation 
 
Data collected in 2009 agreed with previously published data, showing that 
ERIC IV strains are able to exhibit far greater levels of virulence in an in-vitro 
setting (Rauch et al. 2009). As such the observed differences in rate of larval 
mortality were accepted as this appeared to concur with similar research 
(Genersch et al. 2005; Genersch et al. 2006). It was believed that the length of 
the in-vitro experiment was at least in part responsible for the lower levels of 
larval mortality exhibited by ERIC I infections, as it has been noted that the 
average time till larval mortality is approximately 8-12 days for an ERIC I 
infection compared to 3-4 days for an ERIC IV infection (Genersch et al. 2005; 
Genersch et al. 2006). 
 
Early experimental data suggested that whilst there were distinct morphological 
differences between isolates, all of these isolates were able to produce spores. 
This was expected, as these strains had all been collected from hives showing 
various symptoms. Given that P. larvae is only infective as a spore (Bakonyi et 
al. 2003), then it was logical to assume that all strains had this capability. 
Previously it had been shown that a larger proportion of ERIC type IV spores 
were capable of germination (Forsgren et al. 2008), but also shown that a larger 
number of ERIC type IV spores were required to cause infection (Ashiralieva 
and Genersch 2006; Genersch 2009; Genersch et al. 2005). 
 
Pathogenicity testing during 2010 required specific doses of spores, until this 
point it had been assumed that whilst there would be differences in the numbers 
of spores produced by different strains, these levels would be comparable. An 
optical density was chosen for previous testing, known to provide an excess of 
viable spores. Initial testing simply focused on causing infection; as a result the 
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dose of spores was intentionally kept high, this was comparable with other 
research on AFB in-vitro pathogenicity (Genersch et al. 2005). For the testing 
during 2010, it was decided that the dose of spores needed to be controlled in 
order to make the data more comparable between strains. The inability to 
produce ERIC type I spores led to major delays in the in-vitro exposure assays 
being employed by this project. No practical solutions could be thought of at this 
time. As the inconsistency of the results produced by ERIC I spore cultures 
meant that no workable solution could be realised within the scope of this 
project. 
 
It is necessary to re-visit the lack of correlation between proteolytic activity and 
in-vitro virulence in light of the differences in sporulation. It has been repeatedly 
suggested that proteases are produced upon sporulation (Dancer and 
Chantawannakul 1997). It is likely that differences in sporulation affected the 
results produced by this experiment. However strain 6993 was shown to produce 
large quantities of spores but lacked proteolytic activity. It is therefore predicted 
that whilst proteolytic activity may be a virulence factor, it is likely not essential 
for the infection of honeybee larvae. As previously mentioned it was not possible 
to increase the number of spores produced by ERIC type I isolates, so was not 
possible to explore the possibility of increased proteolytic activity at higher spore 
concentrations. Whilst causing greatly increased larval mortality, strain 6993 did 
not produce any of the typical AFB symptoms expected with the larva not 
decaying to form a ropey mass. The increased in-vitro virulence produced by 
ERIC type IV isolate 6993 would suggest that proteolytic enzymes are 
responsible for symptoms produced and are not essential for host invasion. 
 
4.6.7. Sporulation responsible for the differences in 
virulence between strains 6254/6678 and 6993 
This experiment was able to first calculate the initial spore dose fed to larvae 
infected with strain 6254 in 2009 (Table 4.3). Whilst this number of spores was 
capable of causing infection in larvae of the age tested (Woodrow and Holst 
1942). The gross difference in initial doses was predicted to be the reason for the 
observed differences in virulence. In previous exposure assays, controlled doses 
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of spores had been used (Genersch et al. 2006; Rauch et al. 2009). The 
methodologies responsible for producing large quantities of ERIC type I spores 
(Genersch et al. 2005) were trialed, but in all instances the calculated number of 
viable spores was shown to be lower than growth in standard BHI-T broth media. 
Previously spore doses fed to larvae had been estimated (Genersch et al. 2005) or 
were calculated but variable between isolates in order to ensure infection 
(Genersch et al. 2006; Yue et al. 2008). It was possible to reduce the initial spore 
dose of 6993 to similar levels of strain 6254 used in 2009. The reduction of spore 
doses was able to reduce the level of virulence (Figure 4.4), suggesting that the 
increased virulence was due to a reduction in the time taken to proliferate within 
the larval gut. It has been shown that the rupturing of the gut, and the infection 
becoming systemic likely causes larval mortality (Yue et al. 2008). 
 
This experiment was set up in parallel, 2 repeats were simultaneously run. 
Unfortunately the two repeats for this experiment produced differing results. 
Plate one produced the results expected, with all doses given resulting in a low 
level of larval mortality (figure 4.4) than that observed in 2009 (figure 4.3). Also 
seen here was that doses of 20 and 200 spores were not able to cause a greater 
level of mortality than a ddH2O control. The experiment ended with the control 
wells having a greater number of dead larvae than the wells dosed with 20 
spores, deaths caused by the control and 20 spore doses are likely unrelated to 
the inoculum added to the food. Death was more likely due to other 
complications (appendix 8). As expected the 200 and 2000 spore dose caused 
greater level of mortality, final numbers of deceased larvae were 5 and 11 
respectively. These results agree with the suggestion that larval death is caused 
by massive proliferation of the bacteria within the larval gut, as a 10 fold 
increase in initial population will result in a decrease in time taken to reach the 
population required to cause larval death. 
 
Plate 2 displayed similar results, but the numbers of dead larvae for 20 and 200 
spores were far closer to that of 2000 spores (figure 4.5). The number of control 
deaths was comparable between plates, suggesting that human error was not to 
blame for the increase in larval mortality. The larvae selected for this experiment 
came from a very limited section of comb, with the larvae used on plate one 
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being selected from side A and plate two from side B. The susceptibility of 
larvae to P. larvae infections deceases with the increasing age of the larvae 
(Brødsgaard et al. 1998). A difference of 12-24 hours in the age of the larvae 
used, would be very difficult to visually detect in the appearance of the larvae. A 
change in age of this size could dramatically increase the initial number of spores 
required to cause infection. Knowledge of laying patterns followed by queen 
bees, suggests that a difference of up to 24 hours could be found between the 
larvae on differing sides of the comb (Camazine 1991). It is suggested that the 
observed difference between the results obtained from the replicate plates are a 
direct result of larval age. It is believed that the difference in age between larvae 
on sides A and B of the comb was approximately 12 hours, it is suggested that 
larvae used on plate 2 were younger than those on plate 1, resulting in the 
increased larval mortality observed at lower spore doses. Statistical analysis of 
the results also suggests that larval age was likely responsible for the differences 
observed, as it was shown that the difference between the controls and 2000 
spore doses were insignificant. The 20 and 200 spores doses were calculated to 
be significant, with the difference existing between 20 spore doses being the 
most significant. The significant differences seen at low spore doses concurs 
with the theory that larval age was likely responsible for the differences. 
 
 
4.7. Conclusions 
 
Proteolytic activity was believed to be a significant virulence factor in AFB 
infections, it was therefore assumed that a correlation would be detected between 
proteolytic activity and observed in-vitro virulence. Testing of this hypothesis 
showed that this was not the case, only 4 isolates of P. larvae showed proteolytic 
activity on the assay used. Crucially the isolate believed to be non pathogenic 
(6993) produced no proteolytic activity (table 4.2). In-vitro virulence testing of 
these isolates revealed that it was strain 6993 that caused increased levels of 
larval mortality. This was confirmed by repeating the experiment; this suggested 
that proteolytic activity observed in the lab was not a marker for predicting 
virulence. 
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It was shown that differences exist in the virulence of P. larvae isolates (Figure 
4.3). Significantly, ERIC type I isolates formerly identified as subspecies larvae 
were shown not to be capable of causing a significant increase in larval 
mortality. Whilst it has been suggested that strains belonging to ERIC IV 
(subspecies pulvifaciens) were capable of being more virulent than other strains, 
this was not fully supported by this experiment. Strain 6993 displayed the 
increased levels of virulence which had previously been reported, however 6264 
showed no increased in larval mortality throughout the course of the experiment. 
Larval mortality was comparable between the majorities of bacterial isolates, 
only strain 6993 produced results that significantly differed from the mean. 
 
The enumeration of the viable spores produced by these isolates, showed vast 
differences in the production of viable spores. It is thought that these differences 
led to differing initial spore doses (table 4.3), whilst all the calculated doses are 
capable of causing infection in larvae of that age (Woodrow and Holst 1942), the 
difference in initial spore load of an ERIC type IV isolate was as high as 314 
times that of an ERIC type I isolate. The virulence of P. larvae is not fully 
understood, but it has been shown that massive proliferation and the eventual 
bursting of the larval gut are likely the cause of mortality (Yue et al. 2008). By 
reducing the number of 6993 spores it was shown that this strain is not 
hypervirulent, rather it is capable of producing larger quantities of viable spores 
under laboratory conditions. At a dose of 20 spores per larvae, strain 6993 was 
not capable of causing greater larval mortality than the control (Figure 4.4). This 
experiment was not replicable within this project, and the results from the repeat 
showed that a dose of 20 spores was capable of causing significant numbers of 
larval deaths (figure 4.5). Due to the understanding of queen behavior, it is 
believed that the difference in larval deaths results from a difference in larval 
age. It has been shown that susceptibility to AFB infections decreases with age 
(Brødsgaard et al. 1998). It is proposed that the larvae differed in age by 
approximately 12 hours, causing the increased susceptibility shown on plate 2. 
Further testing with an increased number of replicates would be able to confirm 
this, along with more accurate identification of larval age. Unfortunately this was 
not possible within the time frame of this project. 
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Whilst production of viable spores is suggested as the reasoning behind a 
difference in virulence between isolates 6993 and 6254 / 6678. This does not 
explain the lower levels of virulence displayed by strain 6264, this isolate was 
capable of producing similar numbers of viable spores as strain 6993 but did not 
display increased virulence. It is therefore proposed that 3 phenotypes have been 
identified: 
 
1. Pathogenic / poor sporulation (ERIC I – Strains 6254 and 6678) 
2. Pathogenic / good sporulation (ERIC IV - Strain 6993) 
3. Non-pathogenic / good sporulation (ERIC IV - Strain 6264) 
 
Whilst it is possible to suggest the difference between strains 6254 / 6678 and 
6993 is a result of differing levels of viable spores. It is not possible to suggest a 
reason for the difference in virulence displayed by strains 6993 and 6264. A 
different approach is required to better understand the differences between the 
phenotypes identified. 
 
It has been shown that increased virulence observed in an in-vitro environment, 
does not result in increased virulence within a hive. This suggests that whilst it 
was shown 6993 was capable of killing larvae within 4 days; within a hive 
environment this would not result in a systemic infection. Rather a localised 
infection of just a few cells, this localised infection would occur before the cells 
are capped. Resulting in the triggering of increased hygienic behavior by worker 
bees, the infected larvae would be removed from the hive prior to the disease 
forming the typical AFB scale. This would result in no disease transmission 
within the hive. The natural affect of an ERIC type IV infection on a colony of 
bees is unknown, whilst it is unlikely that these infections would be noticed and 
identified as AFB. If a significant proportion of the larvae were fed infected 
food, this would result in the death of many new larvae. Depending on the 
magnitude of this loss, the colony may be weakened and more susceptible to 
other infections. 
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It is suggested that whilst proteolytic enzymes are likely responsible for the 
typical symptoms observed during an AFB infection, they are not essential for 
infection and causing larval mortality. This agrees with the lack of AFB 
symptoms observed in this experiment and previously reported. It is therefore 
suggested that further studies in to the pathogenicity of P. larvae do not focus 
solely on the involvement of proteolytic enzymes. 
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Chapter 5  
Comparative genomics of 
Paenibacillus larvae isolates 
 
5.1. Summary 
 
• Large amounts of genomic data collected from 4 P. larvae isolates 
belonging to ERIC types I and IV. 
• Type strain 6254 formed a better primary assembly, than seen in previous 
attempts to sequence the P. larvae genome. 
• No assembled contigs are believed to be from plasmids, all assembled 
data is assumed to be P. larvae chromosomal data. 
• 89 out of 120 B. subtilis sporulation genes were found to have orthologs 
existing within P. larvae. 16 sporulation genes contained residue 
substitutions. The genotypes shown reflected the sporulation phenotypes 
previously described (chapter 4). 
• The 16 sporulation genes have been linked to the initiation of sporulation 
or spore coat formation. So likely that these mutations allow ERIC type 
IV isolates to sporulate in laboratory media. 
• Unknown what genetic difference exists between strains 6993 and 6264, 
responsible for the differences in virulence observed. 
 
5.2. Introduction 
 
It is known that a wide variety of Paenibacillus larvae strains exist, it is possible 
to group these strains using phylogenetic analysis or ERIC fingerprinting. 
However, it remains unknown what these groupings reflect. Whilst it was 
previously believed that the groupings reflected the pathogenicity of P. larvae, 
this was shown not to be the case (Genersch et al. 2006). 
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It has been shown that significant phenotypic differences exist between the 
strains grouped as ERIC types I and IV (Chapter 4). In-vitro exposure to these 
strains revealed an ERIC IV isolate that was capable of causing larval mortality 
at a greatly increased rate over other isolates. It was believed that a ‘hyper-
virulent’ isolate had been identified; further investigation revealed that 
differences existed in the number of spores produced by isolates belonging to 
ERIC types I and IV. When the spore dose of the ‘hyper-virulent’ isolate was 
reduced to a comparable level to that of an ERIC type I isolate, the level of larval 
mortality observed was greatly reduced (chapter 4). It was concluded that the 
difference in sporulation was likely responsible for the differing levels of in-vitro 
pathogenicity. 
 
It was determined that a whole genome shotgun-sequencing approach was the 
best methodology to explore the genetic differences existing between isolates 
identified as ERIC types I and IV. This method is not target to specific regions of 
DNA like the use of 16S rRNA and MLST sequencing (Chapter 2). Intra-species 
differences had been identified previously in chapters 2 and 3, but the relevance 
of these groupings in relation to the virulence of the organism was unknown. The 
genetic basis of differences in sporulation shown to exist in chapter 4 were 
unknown, therefore the untargeted sequencing approach was selected as the most 
appropriate method for the study of this difference. 
 
5.2.1. Use of next-generation sequencing. 
 
During the course of this project pyrosequencing became a more affordable and 
widely available technology. Advancements were also made increasing the 
length of the sequence reads produced by this method. A single ten-hour run can 
produce up to 600 megabases of genomic data, allowing for large coverage of 
bacterial genomes in a single run. Completion of a bacterial genome remained 
unlikely even at maximum coverage. Producing a complete P. larvae genome is 
the ultimate goal from use of this technology, however the time and money 
required was likely to be outside the remit of this project. 
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The use of next-generation sequencing to uncover the genetic basis of phenotypic 
differences has not been widely explored. The majority of sequencing projects 
apply bioinformatic analysis of the data produced to ‘suggest’ possible genetic 
differences that may cause a phenotypic difference. This methodology has been 
applied to human pathogens, where the phenotypic characteristics (the disease 
caused) have been previously documented (Stabler et al. 2009). Due to the lack 
of previously sequenced isolates, identification of mutations based on test 
subject-reference comparisons cannot confirm the correlation existing between 
genotypes and phenotypes (Hall 2007). With only one partially sequenced 
genome (at time of planning), any genome comparisons would require genetic 
information from multiple isolates. With the production of large quantities of 
genomic data, there is a possibility to ‘get lost’ mining for differences existing 
between isolates (Vinatzer and Yan 2007). We aim to avoid this by assessing 
genetic differences based upon observed phenotypic characteristics, as the 
relevance of other genetic differences would be unknown in relation to the 
virulence of the organism. 
 
5.2.2. Previous Attempts to sequence the genome 
 
Despite several genome sequencing projects, the first of them commencing in 
2005, the amount of genomic data available for P. larvae is very limited. This 
data does not seem to represent the entire genome and the level of coverage at 
the basic assembly stage is relatively low.  The only P. larvae genome data 
available during analysis was a series of 646 contigs assembled for Sanger reads 
in 2006 (Qin et al. 2006), this project was aborted shortly after this first 
assembly. 
 
A genome project recently concluded in British Columbia, Canada (Chan et al. 
2011). Data from this project was made public in February 2011. This provided a 
more recent set of contigs on GenBank (Accession: ADZY00000000), however 
as this data was still incomplete, it was decided to use the original BCM contigs 
as a point of reference. 
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5.2.3. Virulence Plasmids 
 
Plasmids are often associated with the virulence of closely related Bacillus sp. 
(Van der Auwera et al. 2005; Wang et al. 2008). Therefore whilst P. larvae 
virulence has never been proven to be plasmid mediated, the potential for a 
plasmid encoding virulence determinants has always remained a possibility. A 
complete P. larvae plasmid genome has been produced, however no plasmids 
have been recovered from UK isolates (data not shown). It is thought that the 
plasmid encodes for Oxytetracycline (OTC) resistance (Alippi et al. 2007; 
Murray et al. 2007), AFB infections in the UK are not treated with OTC, and so 
prevalence of the plasmid would offer no genetic advantage to the bacterium. 
 
Plasmids, unlike genetic mutations that result in the alteration of a single 
nucleotide, involve the incorporation of large amounts of DNA from a different 
source. It has been shown that bacteria with a lower GC content contain plasmids 
with a more diverse GC content (van Passel et al. 2006). A large number of 
bacterial species were found to contain plasmids of a lower GC ratio than that of 
chromosomal DNA (Bohlin et al. 2008), so identification of plasmid DNA from 
454 sequence data should be relatively simple. 
 
5.2.4. Control of Sporulation: Genetic or Environmental? 
 
Due to the vast differences in the number of viable spores produced, it was 
predicted that differences would also exist in the genes controlling sporulation. 
Previously it has been shown that sporulation mutant strains, lacking vital genes 
often lack the ability to produce spores (Brehm et al. 1973; Fortnagel and Freese 
1968; Hoch 1970; Klofat et al. 1969). It is highly likely that significant changes 
existing within sporulation genes will have a significant effect on the ability of 
those isolates to produce viable spores. Whilst the regulation of sporulation 
within P. larvae has not been widely studied, it has been extensively studied in 
Bacillus subtilis (Catalano et al. 2001; Errington 1993; Ozin et al. 2001; 
Takamatsu et al. 2000).  
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It remains likely that the regulation of sporulation in P. larvae is also influenced 
by differing environmental conditions (Sonenshein 2000). It is believed that 
temperature, oxygen concentration, population density, by-products of 
metabolism and pH are all interrelated in the control of sporulation within many 
Bacillus sp. (Knaysi 1945). It is predicted that any genetic differences observed 
in sporulation genes, will likely be responsible for the activation of the 
sporulation process. 
 
It is known that ERIC type I isolates are responsible for the majority of AFB 
outbreaks (Genersch 2010a). During the latter stages of the infection, the larval 
remains dry and adhere to the bottom of the cell as an AFB scale (Alippi et al. 
2002; Dancer and Chantawannakul 1997). Previous study of AFB scales has 
revealed up to millions of spores (Ashiralieva and Genersch 2006; Dancer and 
Chantawannakul 1997; Genersch et al. 2006), so it is logical to assume that under 
the right conditions ERIC I isolates are able to produce large quantities of viable 
spores. Phylogenetic analysis shows a close relationship exists between P. larvae 
and B. subtilis (Chapter 1), so it is likely that the regulation of sporulation is 
under the control of orthologous genes. 
 
5.3. Aims 
 
• To produce a large amount of P. larvae genomic sequence data from four 
isolates. 
• To assemble the data in to larger contiguous sequences 
• To confirm the absence of plasmid DNA from the sequenced contigs 
• To use comparative analysis of the data produced to highlight differences 
in spore genes existing between isolates 6254 / 6678 and 6993 / 6264. 
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5.4. Materials and Methods 
 
 
5.4.1. Strain growth and DNA extraction 
 
 
A large quantity of DNA is required for the pyrosequencing process. Rather than 
utilising a different extraction method, the starting quantity of culture was 
increased to a volume which would provide a calculated excess of DNA. Fresh 
cultures were taken from the frozen PROTECT storage beads, these were first 
grown on BHI-T agar to ensure the correct colony morphology was observed. 
100ml BHI-T broth cultures were inoculated with a single colony picked from 
the agar. Broth cultures were incubated at 34°C and shaken at 175rpm in the 
orbital incubator for 72 hours. DNA extraction was performed using the Power 
Microbial Maxi DNA isolation kit (Mobio cat #12226-25). The concentration of 
DNA required for 454 sequencing was a total volume of 50!l at a concentration 
of 100ng/!l. All extracted DNA contained over 1200ng/!l of DNA, these were 
diluted appropriately. 
 
5.4.2. DNA Library production 
 
Preperation of the 454 libraries was carried out as detailed in the Roche GS FLX 
Titanium Rapid library kit (cat#05608228001). The isolates were MID tagged for 
post-run sequence recovery (table 5.1). 
 
MID Tag Isolate LMG Reference 
1 6254 9820 
2 6264 16247 
3 6678 16241 
4 6993 14427 
Table 5.1: Details of the strains sequenced and the MID tag assigned to those strains. 
 
Fragment length was calculated using the Agilent Bioanalyzer 2100, confirming 
that fragments of a suitable length had been produced during the nebulizing 
stage. A custom QPCR assay (developed by the University of York) was used to 
calculate the concentration of library required for use during the emPCR stage. 
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5.4.3. Sequence generation 
 
The pico titre plate was loaded at FERA and run on the pyrosequencer on site. 
This procedure followed all manufacturers guidelines; no alterations were made 
to this process. 
 
5.4.4. Genome sequence assembly 
 
Sequence assembly was performed using the NEWBLER assembly software 
(Roche). A variety of other sequence assembly methods were trialed, in this 
instance the Newbler assembly produced the best output. Most assembly 
statistics were provided directly by the newbler output files, coverage was 
calculated as follows (total number of bases for strain/assembled length). 
 
5.4.5. GC content analysis 
 
GC content analysis was performed using the InfoSeq feature from the EMBOSS 
software package (European Bioinformatics Institute (EBI),  
http://www.ebi.ac.uk/Tools/emboss/). This was run via the eBioX software 
package (Erik Lagercrantz, http://www.ebioinformatics.org/ebiox/). This 
package produced an output file containing contig names and GC content values, 
these were used for further analysis. 
 
5.4.6. BLAST Analysis 
 
All contigs were imported in to a single Fasta file, utilising a pre-written perl 
script these were translated into all 6 possible reading frames. Standalone 
BLAST+ executables (Altschul et al. 1990)  
(ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/) was used to 
perform the BLAST analysis. A BLAST library was constructed using the 
translated contig sequences, a search was performed for 120 sporulation genes 
found in B. subtilis (online database, http://www.rhul.ac.uk/biological-
sciences/AcademicStaff/Cutting/Spo/spo2.html).  
Bioperl (http://www.bioperl.org) was used to extract data from the resulting 
output file. Hits were selected to be manually checked if they had an E-value 
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below 0.0001 and query coverage >70%. These BLAST matches were manually 
checked to ensure suitability. 
 
5.4.7. Sequence alignment details 
 
A concatenated sequence was produced from 23 partial gene sequences. Details 
of the residue differences in the 2983 Amino Acid sequence, were extracted 
using InfoAlign in the EMBOSS software package. This produced a PDF file 
documenting the residue differences and highlighted residue substitutions that 
were similar and more distant. 
 
5.4.8. Phylogenetic Tree building 
 
Tree building was performed using Clustal X (Larkin et al. 2007), the tree was 
created using the UPGMA clustering algorithm. All default settings were 
maintained for this analysis. 
 
5.5. Results 
 
5.5.1. Genome Sequence Assembly 
 
Isolate 6254 6264 6678 6993 
Total Number of Bases 175698956 45100012 46311468 43529897 
Total Number of Reads 591394 149661 158881 149553 
Assembled Length 4638858 4307168 4230245 4382896 
Coverage based on read depth 37.88 10.47 10.95 9.93 
Peak Depth 38 9 10 8 
Estimated genome size 4.6 MB 5.0 MB 4.6 MB 8.0 MB 
Aligned Reads (%) 98.14 97.3 96.36 97.08 
Inferred Read Error (%) 0.87 0.87 0.89 0.91 
Number of Contigs 199 455 384 600 
Number of Contigs >1.5kb 134 292 251 353 
Average Contig Length (bp) 23310.84 9466.3 11016.26 7304.83 
Minimum Contig Length (bp) 134 101 102 103 
Maximum Contig Length (bp) 239719 79204 141267 169517 
Average Number of reads/contig 2984.39 334.59 412.24 253.27 
Average Mismatch of Contigs (%) 0.83 0.95 0.97 1.1 
 
Table 5.2: Assembly statistics highlighting the number of contigs produced, the length of 
those contigs and the number of reads per contig. Details of the errors within the 
assembly process are also shown. 
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Over 200 megabases of DNA were produced from a single titanium pico titre 
plate. The collected sequence data was separated by MID tags and assembled in 
to contigs (table 5.2). Strain 6254 that filled a half plate produced the most 
sequence data. Due to the larger amounts of data produced this was assembled in 
to 199 contigs. The other three isolates were allocated a third of the remaining 
half of the plate. Strain 6678 produced the most sequence data from the 
remaining isolates, with 6264 producing approximately 12 megabases less of 
DNA and strain 6993 produced 15 megabases less of DNA. As expected the 
number of contigs produced increased as the amount of sequence data collected 
decreased. It was also seen that increasing the amount of genetic data collected 
increased the number of reads making up each contig. 
 
5.5.2. GC Content Analysis 
 
 
Figure 5.1: A histogram showing the distribution of contigs across a range of % GC 
content. The line plotted shows the contigs produced by the Baylor College of Medicine, 
in a previous sequencing attempt. (Blue = 6254, Red = 6264, Green = 6678 and Purple 
= 6993) 
 
Contigs were analysed for GC content (figure 5.1). It was shown that the GC 
content peaked at 44-46% for all four of the sequenced isolates. The distribution 
of contigs produced the expected curve, with a slight bias towards the lower GC 
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content. Very few contigs were produced with over 48% GC content. The 646 
contigs produced by the Baylor College of Medicine were also analysed for GC 
content and plotted against the distribution data collected. It was found that the 
distribution of contigs based on GC content, matched the distribution seen from 
the 646 BCM contigs. BLAST analysis revealed no sequence similarity with 
Paenibacillus larvae plasmid pMA67 (data not shown); this was despite the 
presence of several contigs of a similar GC content to the plasmid. It was also 
seen that contigs displaying the most extreme differences in GC content were 
relatively small sequences with very low read coverage.  
 
 
5.5.3. Sporulation Gene Copy Number 
 
 
 
Figure 5.2: The Number of BLAST hits returned for each sporulation gene. 
 
A BLAST search of sporulation genes found in B. subtilis revealed that 31 of the 
gene sequences had no significant BLAST matches in the contigs. The remaining 
89 genes did have matches within the sequenced contigs. The number of 
significant matches found ranged from a single match to over 31 (Figure 5.2). It 
was observed that matches were partial gene sequences, rather than complete 
gene matches. Genes that had more BLAST hits returned more partial gene 
sequences, however these did not assemble to produce complete gene sequences. 
Only one of the genes searched for produced multiple BLAST hits per contig, 
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inferring that part of the gene within P. larvae is significantly different to that of 
B. subtilis.  
 
 
 
 
5.5.4. Alignment of partial sporulation gene amino acid 
sequences 
 
Figure 5.3: UPGMA tree showing the relationship between 23 concatenated partial 
sporulation gene sequences, in which substitutions were found. 
 
From all of the BLAST hits that met the criteria used whilst parsing the BLAST 
data in Bioperl (E-value below 0.0001 and query coverage >70%). Partial gene 
sequences, from 16 genes, were found to contain substitutions or insertions. 
Other partial sequences were identified which varied greatly, however no 
homologous sequences were present in sequence data from the other strains. 
Constructing a tree of the concatenated sequence clearly shows the differences 
that existed between the ERIC types tested (Figure 5.3). 6264 and 6993 were 
shown to be monophyletic and BCM and 6254 shown to cluster together. 6678 
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clustered closest to 6254 and BCM, but grouped separately due to a single 
residue substitution. 
 
 
Number of Partial Sequences 23 
Total Residues 2983 
Number of Substitutions 39 
-Similar Residue Substitutions 19 
- Less Similar Residue Substitutions 20 
Number of Additions 1 
Table 5.3: Details of the observed differences existing within the concatenated 
sporulation gene sequences. 
 
It was observed that 38 residues in the 23 partial gene sequences were different 
in ERIC type I and IV isolates (Table 5.3). A further 1 substitution existed 
between strain 6678 and all other isolates tested. ERIC type IV isolates were also 
found to have an additional residue. Of the 39 substitutions 19 were found to be 
substitutions for similar residues. The remaining 20 substitutions were less 
similar residues. The maximum number of substitutions found in a single partial 
gene sequence was 5 and the minimum was a single substitution. 
 
5.5.5. Genes in which residue substitutions were present 
 
Table 5.4: Details of the sporulation genes in which the substitutions were present. 
 
The 23 partial gene sequences came from 16 sporulation genes (Table 5.4). 12 of 
those sporulation genes were found to contain residues substituted with similar 
residues. 11 of the genes were shown to contain residues substituted for less 
similar residues. The less varied partial gene sequences were from kinB, sigE and 
spo0A. The most varied partial gene sequences were from sigK.  
 
 
 
Genes with similar substitutions gdh, kinB, kinC, sigE, sigF, sigK, spo0A, 
spo0F, spoIIAB, spoIIB, spoIVA and spsC 
Genes with less similar substitutions gdh, kinC, sigA, sigF, sigK, spoIIAB, 
spoIIB, spoIVB, spoVID, spsC and spsD 
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5.5.6. Assessing the number of nucleotide substitutions 
responsible for the residue differences 
 
Table 5.5: Differences in concatenated nucleotide sequences representing the amino 
acid sequence described in table 5.3. The position of substitutions within the codon, 
number of additions, and the percentage similarity to the type strain DNA is shown. 
 
The nucleotide sequences for the 23 partial gene sequences were extracted and 
combined to create a concatenated nucleotide sequence of 8958bp. The location 
of the substitutions within codons was calculated; 6264 and 6993 contained 
mainly 3rd base substitutions with an almost even number of 1st and 2nd base 
substitutions (Table 5.5). As expected 3 additional nucleotides were present 
representing the additional amino acid. 6678 contained 2 nucleotide 
substitutions, a 1st base substitution responsible for the 1 residue difference 
detected and a silent 3rd base substitution. 6254 and BCM nucleotide sequences 
were identical as seen in the amino acid sequences. Assuming 6254 / BCM are 
the type strain of the species, 6678 was found to have 0.02% sequence 
divergence and 6264 and 6993 had 0.74% sequence divergence. 
 
5.6. Discussion 
 
5.6.1. Assembly of P. larvae genome 
 
Data produced from a half 454 pico titre plate produced 591,394 reads that were 
assembled into 199 contiguous sequences for strain 6254 (Table 5.1). Compared 
to the previous sequencing attempt by the Baylor College of Medicine which had 
Codon 
Position of 
Substitution 
1st 
Base 
2nd 
Base 
3rd 
Base 
Additions Overall Sequence similarity  
to 6254 / BCM 
6678 1 0 1 0 99.98 
6264 / 6993 15 17 31 3 99.26 
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produced 646 contiguous sequences from 54,073 reads. All of the isolates 
sequenced were assembled in to a lesser number of contiguous sequences than 
the previous sequencing attempt, it was also noted that the size of contigs 
produced was greatly increased from an average of 11kb to an average of 23kb 
for strain 6254. Average contig length achieved from a 1/6th of a plate remained 
comparable with the contigs previously produced. The production of these larger 
contigs highlights the full potential of the massively parallel sequencing method, 
as shorter 454 sequencing reads were able to be assembled into larger contigs 
than the longer sanger sequencing reads. 
 
The size of the P. larvae genome remains unknown however it is estimated to be 
around 4.3-5 megabases. Sequencing of Paenibacillus sp. JDR-2 revealed a 
genome size of 7.2 megabases (Unpublished, Acession:CP001656), whilst 
comparative analysis of the sequenced contigs against this complete genome 
revealed very little sequence similarity (data not shown), the eventual size of the 
P. larvae genome could be greater than 5 megabases. Attempts were made to 
produce a more complete scaffold from the contigs produced, it was established 
that the amount of sequence data was not sufficient from individual strains to 
create this scaffold.  
 
It is proposed that all contigs are combined to produce a scaffold of the genome. 
Whilst this would not be an accurate representation of a complete genome, with 
less than 3% difference in transcribed regions analysed within this project. It 
would allow for better construction of future assemblies with the availability of a 
pre-existing scaffold. This work remains on going at time of writing, due to the 
complexity of the process. 
 
5.6.2. GC content analysis 
 
As no complete P. larvae genome currently exists, BLAST analysis against the 
NCBI database cannot accurately confirm that all sequence data is chromosomal 
P. larvae DNA. BLAST analysis revealed high sequence similarity with pre-
existing BCM contigs, suggesting that sequenced DNA did belong to P. larvae. 
Plasmid mediated virulence has been reported in many closely related bacterial 
! ! "#$%&'(!)!!
! *+)!
species such as Bacillus cereus, Bacillus anthracis and Bacillus thuringiensis 
(Andrup et al. 2008; Pannucci et al. 2002; Van der Auwera and Mahillon 2008; 
Van der Auwera et al. 2005; Van der Auwera et al. 2008; Wang et al. 2008). 
Plasmids have been identified as existing within the Paenibacillus genus, in P 
polmyxia (Ma et al. 2011) and also in P. larvae (Alippi et al. 2007; Benada et al. 
1988; Murray et al. 2007). To date plasmids recovered from P. larvae have only 
been linked to tetracycline resistance, not the virulence of the organism. The 
Paenibacillus genus like Bacillus has a relatively low GC content (Qin et al. 
2006), analysis of the data produced can identify sequences belonging to 
plasmids or transposable elements within the genome. Lab based methods had 
failed to extract any plasmids from the strains tested within this project (data not 
shown), it was therefore not expected that plasmid DNA would be identified 
within the data produced. Whilst contiguous sequences were identified which 
were of a similar GC content to Paenibacillus larvae plasmid pMA67 (36%), 
rather than the expected ~44%, when the data was plotted against the existing 
646 BCM contigs it was apparent that the sequence data produced was 
chromosomal rather than that of a plasmid (Figure 5.1). Further BLAST analysis 
revealed no matches in any contigs for the pMA67 sequence (data not shown). 
Plasmids found within this species are more likely to be community acquired 
resistance plasmids, rather than plasmids essential for the survival of the 
organism. 
 
5.6.3. Copy number of sporulation genes 
 
It is known that within bacterial genomes genes exist with a variety of copy 
numbers. BLAST analysis of the contigs revealed a range of hits from 0 – >50 
(Figure 5.2). Whilst it should be acknowledged that the sequence data produced 
by these methods is a random process, when considering the probability of 
multiple BLAST hits across several contigs compared to the a single hit from 
each of the four strains, it is possible to suggest that those genes producing a 
larger number of BLAST hits exist in larger copy numbers than those with fewer 
hits. It is likely that those genes seemingly present in higher copy numbers are 
more important for the survival of the bacterium. Using this logic it is possible to 
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suggest that changes to these genes with higher copy numbers are more likely to 
affect the phenotype of the organism. 
 
5.6.4. BLAST analysis for orthologous sporulation genes 
 
It is believed that genetic differences rather than environmental conditions are 
responsible for the difference in production of viable spores. It has been noted 
that the control of sporulation is the result of several genes within B. subtilis, 
logically it can be assumed that amino acid substitutions within these genes will 
likely affect the initiation of sporulation. In B. subtilis at least 120 genes have 
been associated with sporulation many associated with the control of sporulation 
(Chapter 5.4.6).  A BLAST search for orthologous sequences within the P. 
larvae contigs revealed that significant BLAST hits were present in 89 of those 
genes. 23 partial genes sequences were present in all 4 sequenced strains and the 
BCM contigs. These partial sequences belonged to 16 sporulation genes (Table 
5.5) and were found to contain a total of 39 substitutions and 1 addition (Table 
5.4). Phylogenetic analysis of the 2983 residue concatenated sequence confirmed 
that a clear differentiation could be made between ERIC I isolates and ERIC IV 
isolates (figure 5.3). The BCM sequence data was shown to cluster with the 
ERIC type I isolates, knowing that this isolate came from a diseased hive in the 
USA (pers comm. Jay Evans, USDA), it is likely to predict that this strain of P. 
larvae belongs to ERIC type I. A single substitution was responsible for strain 
6678 grouping on a separate branch to BCM and MID1 strains. It was observed 
that genes returning more BLAST hits contained more substitutions; whilst it 
would be acceptable to suggest that the increase in frequency of hits was likely to 
return sequences with additional substitutions. Comparison of the concatenated 
nucleotide sequences showed that levels of sequence diversity were comparable 
to those detected in house keeping genes (chapter 2). Whilst the relationship 
between ERIC I and IV isolates has been shown here, it is unknown where ERIC 
types II and III would be located. These types were not found to produce large 
quantities of viable spores (data not shown), so it would be expected that these 
isolates would be closer related to ERIC type I isolates based upon sporulation 
genes. However this was not seen in purH, PyrE or the 16S rRNA phylogeny 
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where ERIC types II and III were shown to be closer related to ERIC type IV 
isolates.  
 
Whilst analysis of small partial gene sequences cannot predict a change in gene 
function, the number of sporulation genes existing with residue substitutions, 
leads to the conclusion that a genetic difference must be at least partially 
responsible for the difference in sporulation observed. It is likely that additional 
genomic data would give rise to the discovery of more substitutions occurring in 
a greater number of sporulation linked genes. Whilst it is known that differences 
exist in the number of viable spores produced by isolates belonging to ERIC 
types I and IV, it is known that within a hive environment isolates confirmed as 
ERIC type I are able to produce large numbers of viable spores. This suggests 
that the differences observed within the sporulation genes are likely linked to the 
expression of other genes or the control of sporulation. 
 
Whilst the genetic differences observed hold the potential to explain the 
phenotypic differences observed between ERIC I and IV isolates. It is still not 
possible to explain the observed difference displayed between strains 6264 and 
6993. Both isolates were identified as ERIC IV isolates, whilst both isolates were 
capable of producing large number of viable spores and contained the same 
genetic differences within the sporulation genes. The level of virulence observed 
from isolate 6993 was not displayed by isolate 6264 despite a potentially higher 
initial spore dose (data not shown). 
 
It was observed that not all isolates producing large quantities of viable spores, 
exhibited increased levels of in-vitro pathogenicity. Strain 6264 was found to 
produce equal or greater numbers of viable spores than strain 6993 (data not 
shown), however this isolate failed to deviate significantly from the control 
larval mortality. It is therefore not possible to suggest that sporulation alone is 
responsible for the elevated levels of pathogenicity; rather that it is one of several 
factors involved in the pathogenicity of the isolate. Further genomic analysis 
may reveal differences in existence between strain 6264 and strains 6254, 6678 
and 6993. It would however be useful to identify a target gene family that can be 
linked to the pathogenicity of P. larvae. Without this it is likely that many 
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genomic differences would be observed, but the true relevance of these 
differences would be unknown. 
5.6.5. Are the observed genetic mutations responsible for 
phenotypic differences? 
 
Sporulation in P. larvae has not been studied, genes essential for this process are 
not known. Due to the close taxonomic relationship with B. subtilis it was 
assumed that orthologous genes would be present within the P. larvae genome. 
74% of the 120 B. subtilis sporulation genes were shown by BLAST analysis to 
have orthologs within the P. larvae sequence data. The function of these genes 
within B. subtilis has been well documented. spo0A is considered to be the 
primary transcriptional activator and both spo0A and spo0F are response 
regulators of the sporulation process (Hoch 1993). kinB and kinC have been 
identified as essential kinases required for sporulation (Jiang et al. 2000). spoIIA 
is an essential sporulation loci containing amongst others spoIIAB (Burbulys and 
Trach, 1991). Spore coat formation has been linked to spoVID and spoIVA genes, 
making these genes essential for the production of viable endospores (Ozin et al. 
2001). All of these genes were found to have residue substitutions in MID 2 and 
4. With 51% of the amino acid substitutions considered to be non-similar 
residues, it is likely that these differences are at least partially responsible for the 
difference in viable spores produced. The most substitutions were found to exist 
in 3 partial sequences belonging to the sigK sigma factor, this has been shown to 
be essential for spore production in Bacillus thuringiensis (Bravo et al. 1996). 
 
The genes identified to contain residue substitutions were found to be genes 
responsible for the control of sporulation. Many of these residue substitutions 
occur in genes responsible for the initiation of the sporulation process, or 
responsible for the forming of viable spores. It is not believed that increased 
sporulation is a result of these mutations, rather that these mutations alter the 
environmental conditions in which P. larvae isolates are able to sporulate. It has 
already been shown that ERIC type IV isolates are not thiamine deficient, 
whereas ERIC type I isolates required thiamine to grow on laboratory media 
(Chapter 1.3.2). It is known that ERIC type I infections such as MID1 are able to 
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produce AFB scales containing >100,000 spores, so it is likely that laboratory 
based techniques are not activating the sporulation pathway due to environmental 
conditions. Environmental factors has previously been shown to affect 
sporulation in Bacillus mycoides (Knaysi 1945) and Bacillus subtilis (Msadek 
1999). Further more sporulation is ultimately known to be a survival mechanism 
for bacteria, utilised for survival when conditions become unfavourable. Further 
expressional studies of sporulation in P. larvae would likely reveal the basis 
behind the difference in sporulation exhibited between 6993 and 6254/6678. 
 
5.6.6. Can strain types be identified? 
 
Based upon phenotypic and genotypic analysis of isolates belonging to ERIC 
types I and IV. It is proposed that 3 strains types are in existence (figure 5.4), 
Highly Pathogenic strains (6254 and 6678?), Strains producing many viable 
spores (6264) and Highly Pathogenic strains capable of producing many viable 
spores (6993). Additional work is required to confirm these findings, not least 
the addition of strains belonging to ERIC groups II and III. This has the potential 
of intra-species discrimination based upon observed phenotypic traits. 
 
 
 
Figure 5.4: Possible strain types present within ERIC types I and IV. Showing the 
observed phenotypic differences. 
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5.7. Conclusions 
 
The primary assembly of the P. larvae genome for strain 6254 (MID 1) has 
produced the lowest number of contiguous sequences, whilst maintaining 
coverage of approximately 4.3Mb. Upon a conservative estimate of a 5Mb 
genome this represents assembled coverage of x0.93, the average contig length is 
also >10kb longer than previous assemblies of the genome. It remains unlikely 
that ! a sequencing plate has provided enough genomic sequence to completely 
assemble the P. larvae genome. Currently the genomic data from all isolates is 
being assembled to produce a more complete scaffold of the genome, whilst not 
a true representation of a single P. larvae genome, the scaffold can be used as a 
reference for future assemblies. 
 
Laboratory based methodologies had shown that plasmids could not be isolated 
from any of the strains of P. larvae tested (data not shown). Shotgun sequencing 
methods often highlight the presence of plasmids or transposable elements as 
they form contigs differing in GC content to that of the genome. Whilst contigs 
were identified with GC content expected from plasmid sequences, upon 
mapping the distribution of contigs based on GC content no difference was 
identified compared to the previous sequencing attempt by the Baylor College of 
Medicine. BLAST analysis revealed no pMA67 (P. larvae plasmid) homologous 
sequences existed within the contigs. The combination of laboratory based 
methodologies and the analysis of the genomic data produced suggests that 
virulence is not plasmid mediated, and any plasmids are likely community 
acquired antibiotic resistance plasmids. 
  
Following the identification of 3 phenotypes of P. larvae belonging to ERIC 
types I and IV, it has been shown that genetic differences exist within sporulation 
genes. Phylogenetic analysis based upon 23 partial sporulation gene sequences, 
revealed that the observed difference in sporulation between ERIC type IV and 
ERIC type I isolates could be identified based upon amino acid substitutions 
within the sporulation genes. Three different sequences were identified, strain 
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6254/BCM, 6678 and 6993/6264. 39 substitutions and 1 addition were identified 
between strains 6254/BCM and 6993/6264. Strain 6678 differed from strain 
6254/BCM by 1 amino acid. It is likely that a larger sample size would reveal 
single amino acid substitutions existed amongst ERIC type I isolates. It is 
unknown where ERIC type II and III isolates would sit within this phylogeny, 
based upon MLST sequencing or 16S rRNA phylogenies (Chapter 2) these 
isolates were shown to be closer related to ERIC type IV isolates. Sporulation 
testing revealed that these isolates did not form large quantities of viable spores 
under laboratory conditions, so it is predicted that a phylogeny based upon 
sporulation genes from these isolates would identify them as closer relatives to 
ERIC type I isolates. Limited funding available for this project dictated the 
number of isolates that could be sequenced, whilst many hypotheses remain un-
answered, strains were carefully chosen to best answer the most pertinent 
questions. 
 
Examination of the nucleotide sequences from which these partial gene 
sequences are coded, revealed high levels of sequence similarity. Less than 1% 
sequence divergence existed between ERIC type I and ERIC type IV isolates, 
similar to the levels of divergence seen in housekeeping genes whilst developing 
an MLST scheme (Chapter 2). These genes again have been shown to have less 
sequence diversity than the 16S rRNA subunit, which was unexpected. However 
with only 5 strains examined, it is likely that more diverse strains do exist and 
increasing the sample size would highlight this. Unlike the MLST and 16S rRNA 
phylogenies the grouping of isolates here, whilst based upon genetic data, does 
represent an observed phenotypic difference in production of viable spores. 
 
Whilst the observed differences in pathogenicity between strain 6678/6254 and 
6993 have been partially explained due to the vast difference in the number of 
spores produced (chapter 4). It remains unclear why strain 6264 displays low 
levels of pathogenicity, despite producing more viable spores than strain 6993 
(data not shown). It is believed that 3 strain types have been identified within 
ERIC types I and IV (Figure 5.4), these strain types consist of isolates capable of 
causing disease but lacking the ability to produce sufficient numbers of spores 
within a lab, strains capable of producing sufficient numbers of spores within a 
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lab and strains combining both of the phenotypic traits. However, further 
comparative analysis combined with phenotypic studies of the isolates may 
reveal new phenotypic and genotypic differences that exist between P. larvae 
isolates. 
 
Completion of a P. larvae genome will highlight complete gene sequences; this 
study suggests that genes relating to sporulation will show intra-species genetic 
differences based upon the observed phenotypic differences. Based upon the 
large number of BLAST hits and the significant proportion of residue 
substitutions found, it is proposed that sigK spo0A and kinB would be a 
reasonable starting points for a more detailed study into the sporulation 
differences between isolates. These genes have been shown to be essential for the 
initiation of sporulation or production of viable spores in Bacillus sp. (Burbulys 
and Trach, 1991; Jiang et al. 2000; Ozin et al. 2001).  
 
Further data mining should be performed on these existing P. larvae contigs, 
potentially revealing the difference in pathogenicity observed between strains 
6993 and 6264. However this experiment aimed to show that observed 
sporulation phenotypes, had a genetic basis. The complete understanding of P. 
larvae pathogenicity remains unknown; virulence factors responsible for this 
infection have yet to be discovered. So differences in existence between strains 
6993 and 6264 could only be suggested as a potential reason for the observed 
difference in virulence. Further analysis of a complete P. larvae genome should 
highlight potential virulence factors, combining this information with phenotypic 
analysis of the strains would reveal the relevance in relation to the virulence of 
the organism. 
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Chapter 6 
General Discussion 
 
6.1. Understanding intra-species differentiation of 
P. larvae 
 
At the point of original isolation P. larvae was believed to exist as two separate 
species. P. (Formerly Bacillus) larvae was shown to be the causative agent 
responsible for a lethal brood disease, American Foulbrood (AFB) (White 1906). 
P. (Formerly Bacillus) pulvifaciens was believed to be the causative agent 
responsible for a relatively benign brood disease, Powdery Scale (Katznelson 
1950; Nakamura 1984). AFB was commonly identified in honeybee colonies, 
and P. larvae was successfully isolated, only a handful of occurrences of 
powdery scale are reported and as a result <10 isolates are known to exist.  
 
The two species were closer related than originally anticipated, and as such they 
were taxonomically grouped as P. larvae subspecies larvae and subspecies 
pulvifaciens (Heyndrickx et al. 1996). At this time it was still believed that all 
instances of AFB were caused by isolates identified as subspecies larvae, 
subspecies pulvifaciens listed as the causative agent responsible for powdery 
scale disease despite the low incident rate. 
 
In-vitro pathogenicity studies of both subspecies revealed that subspecies larvae 
was capable of causing AFB as previously identified, but also that many strains 
of subspecies pulvifaciens were capable of causing AFB (Ashiralieva and 
Genersch 2006; Genersch et al. 2006). In some instances the resultant infection 
was deemed to be more virulent than a subspecies larvae infection. As a result 
the subspecies differentiation was dropped at this time (Genersch et al. 2006). 
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6.1.1. Differences within the species 
 
The true relationship between isolates of P. larvae is still not understood. Whilst 
the reclassification based upon virulence data was widely accepted by the 
research community in 2007, differences still existed between isolates. It is 
known that ERIC fingerprinting produces 4 distinct profiles, a range of 
phenotypes exist within these ERIC groupings (Table 6.1). 
 
 ERIC type I ERIC type 
II 
ERIC type III ERIC type IV 
Subspecies1 larvae Both pulvifaciens pulvifaciens 
Thiamine deficient2 yes some no no 
Average time taken to 
kill 100% of larvae1 
12 Days 7 Days 7 Days 7 Days 
Capable of systemic 
colony infection1 
yes yes no no 
Table 6.1: Summary of the phenotypic differences known to exist between isolates and 
how these relate to the subspecies differentiation and ERIC types. 1 (Genersch et al. 
2006) 2 (Heyndrickx et al. 1996). 
 
So whilst it had been shown that all tested isolates of P. larvae held the potential 
to cause an AFB infection on a larval level (Ashiralieva and Genersch 2006; 
Genersch et al. 2005; Genersch et al. 2006; Yue et al. 2008), the ability for 
isolates belonging to ERIC type III and IV to cause a systemic colony infection 
has never been documented. Some discrepancy also exists around ERIC type II 
isolates, as examples exist here from both of the former subspecies. This 
suggested that whilst the dropping of the subspecies differentiation based upon 
virulence data was likely the best course of action, the correlation between 
observed intra-species differences and virulence was still not understood. 
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6.2. New findings and suggestions in this thesis 
 
The results in this thesis agree with the dropping of the subspecies 
differentiation. The data also highlights significant differences that exist between 
isolates of P. larvae, which have not yet been explored. The findings of this 
thesis are documented below in relation to increasing the understanding of the 
intra-species differences that exist within P. larvae. 
 
6.2.1. Genetic differences exist amongst P. larvae isolates 
 
Identification of isolates as P. larvae was best performed using 16S rRNA 
sequencing. Commonly used methods such as biochemical analysis and colony 
morphology, were not suitable for the identification of P. larvae due to the often-
ambiguous results achieved (chapter 1). Fatty Acid Profiling was commonly used 
at FERA for the identification of unknown plant pathogenic bacteria; this method 
was only able to identify P. larvae isolates as belonging to the Paenibacillus 
genus. The sequencing of the 16S rRNA subunit has been shown to be a suitable 
identification method for use when conventional methods fail to correctly 
discriminate (Petti et al. 2005). With a minimum 16S rRNA sequence identity of 
97.5%, sequencing of this subunit was accurately able to identify isolates to the 
species level. This was a higher level of sequence divergence than previous 
reported (Genersch et al. 2006), the true relevance of this higher than expected 
sequence divergence is unknown as this was only displayed on a pairwise basis 
between 4 isolates. 
 
The 16S rRNA phylogenetic relationship between P. larvae isolates was 
explored, as it had previously been shown that whilst both subspecies grouped 
closely, they existed on separate branches (Alippi et al. 2002; Shida et al. 1997a; 
Shida et al. 1997b). Whilst later research highlighted that isolates identified, as 
subspecies pulvifaciens were more phenotypically diverse than isolates identified 
as subspecies larvae, no phylogeny was provided to assess the phylogenetic 
relationship (Genersch et al. 2006). The results in this thesis (chapter 2) showed 
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that within a 16S rRNA phylogeny isolates grouped according to their original 
subspecies differentiation.  
 
As it has been suggested that 16S rRNA similarity of over 97% can equate to 
overall genome similarity of just 60% (Stackebrandt and Goebel 1994), it was 
decided to explore the possibility of using housekeeping genes to more 
accurately understand the intra-species differences that existed. Multi Locus 
Sequence Typing had been successfully used to distinguish isolates of Bacillus 
cereus, anthracis and thuringiensis (Helgason et al. 2004). Whilst they are 
differentiated as different species, the level of sequence similarity existing 
between them is very high (Helgason et al. 2000). Two housekeeping genes were 
initially sequenced, purH and PyrE. Unexpected was the high levels of average 
sequence identity that existed between isolates, in both instances being greater 
than that of 16S rRNA. Once again isolates grouped upon phylogenetic analysis 
based upon previous subspecies differentiation. 
 
In all phylogenies strains 6260 and 6261 were shown to share higher sequence 
similarity with subspecies pulvifaciens, despite being previously identified as 
subspecies pulvifaciens. Within the 16S rRNA phylogeny strain 6255 was shown 
to group incorrectly, strain 6264 was grouped incorrectly on the purH phylogeny 
and strain 6993 was incorrectly grouped on both purH and PyrE phylogenies. It 
is suggested that strains 6260 and 6261 were likely incorrectly identified to 
subspecies level at time of isolation, this has previously been documented as a 
challenging process (Forsgren et al. 2008). Due to the inconsistency amongst the 
collective phylogenies, it is suggested that strains 6255, 6264, 6993 all represent 
anomalies within the data set and were likely correctly identified at time of 
isolation. 
 
In summary the phylogenetic analysis of 16S rRNA and 2 housekeeping genes 
agreed with the dropped subspecies differentiation. With the high levels of 
sequence similarity, it is not suggested that the taxonomy of P. larvae is 
incorrect. It is believed that significant differences exist between isolates and that 
these agree with the previous subspecies differentiation. It is therefore suggested 
that sequencing of 16S rRNA or housekeeping genes cannot be used to 
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determine the virulence of isolates, as the differences that exist within the species 
are not yet understood. 
 
6.2.2. ERIC types display congruence with the previously 
observed genetic differences 
 
ERIC repeats were originally discovered within members of the 
Enterobacteriacae (Hulton et al. 1991). Despite many suggestions that these 
repeats do not exist in all species of bacteria (Gillings and Holley 1997), it has 
been shown that primers designed to this region can be used for fingerprinting 
studies in most bacteria (De Bruijn 1992). Lower annealing temperatures are 
thought to be responsible, allowing priming of less homologous regions (Gillings 
and Holley 1997). Adjusting the annealing temperature used within this thesis, 
agreed with this. At annealing temperatures close to the melting point of the 
primers, fewer bands were visible (data not shown). Annealing temperatures 
were intentionally kept low to produce similar banding patterns to those 
previously documented.  
 
All 4 ERIC types previously identified within P. larvae (Ashiralieva and 
Genersch 2006; Genersch et al. 2006), were shown to be present within our range 
of isolates. All UK environmental isolates were found to belong to ERIC type I 
(Chapter 3). The link between ERIC types and 16S rRNA phylogenies had not 
been previously explored. It was shown here that ERIC type I isolates were 
monophyletic within the phylogeny. Isolates representing ERIC types II-IV 
grouped together within the phylogeny. It is not known if this is an accurate 
representation, or a result of the low sample size of these isolates. 
 
At first glance it appears that this observation is equal to that of the link between 
subspecies differentiation and 16S rRNA phylogeny. It should be noted that the 
inconsistencies relating to the congruence between 16S rRNA and subspecies 
differentiation do not exist within the link between ERIC type and 16S rRNA. 
Within purH and PyrE phylogenies, only isolates 6264 (purH) and 6993 (purH 
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and PyrE) were incorrectly grouped. This added further conviction to the 
suggestion that 6260 and 6261 were previously incorrectly identified. 
 
As previously mentioned, the relationship between these gene phylogenies and 
virulence is unknown. Whilst ERIC types were believed to represent the virulent 
sub-type at one time, due to their reflection of the subspecies differentiation, this 
has been shown not to be the case (Genersch et al. 2006). Even upon the addition 
of ERIC types to the gene sequence differences, it is not possible to accurately 
determine the virulence of isolates. 
 
6.2.3. Lateral Flow Devices not capable of detecting 
isolates belonging to all 4 ERIC types 
 
Lateral Flow Devices (LFDs) are rapid field based diagnostic kits originally 
developed for the detection of plant pathogens (Danks and Barker 2000). This 
method was adopted for the detection of AFB infections (Vita, Europe). It was 
suggested that the antibodies used within this test kit were raised against an 
ERIC type I specific target (pers comm. Dr Giles Budge, FERA), however it was 
unknown if the commercially available test kits would be capable of detecting P. 
larvae from all 4 ERIC types. 
 
As expected LFD kits were capable of detecting ERIC type I isolates, 
representing the majority of worldwide AFB infections (Antunez et al. 2009; 
Genersch et al. 2006). It was also shown that LFD kits were not capable of 
detecting isolates representing ERIC types II-IV. The significance of this finding 
was considered, whilst it could not be said that the assay was capable of 
detecting all AFB infections. Only a handful of ERIC type II infections have 
been reported causing systemic colony infections displaying typical AFB 
symptoms. Due to the low incidence rate, it is possible to identify these 
outbreaks using other methods, and crucially they can be identified by 
experienced beekeepers due to the AFB symptoms produced. ERIC types III and 
IV have never been shown to be responsible for systemic colony infections 
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displaying AFB symptoms, instead it is suggested that they are more likely 
capable of acute larval level infections (Genersch 2009).  
 
It is not recommended at this time that the LFD kit be redesigned, as it appears 
that ERIC type I isolates are responsible for nearly all reported AFB infections. It 
should however be made clear that the LFD device should not be solely used for 
the identification of AFB, if unexpected results are achieved further diagnostic 
assistance should be sought for the appropriate identification. To fully 
understand AFB epidemiology, more studies would be required to explore the 
incidence of all 4 ERIC types (chapter 6.3.2) 
 
6.2.4. No correlation observed between proteolytic 
activity and in-vitro virulence 
 
Proteolytic activity is the only virulence factor consistently associated with the 
virulence of P. larvae (Dancer and Chantawannakul 1997; Holst and Sturtevant 
1940). Considering proteases as virulence factors has often been debated, as 
often they are considered to be for metabolic processes rather than specific to 
infection (Lantz 1997). As in Bacillus thuringiensis (Andrews et al. 1985; Oppert 
1999) it is likely that proteolytic activity is essential for the pathogenicity of the 
organism. The symptoms produced by AFB infections are indicative of 
proteolytic activity, however it remains unknown if the proteolytic activity is 
crucial in the infection pathway or merely involved in the degradation of larval 
remains. 
 
One of the earliest documented AFB detection methods was the use of milk agar 
to detect proteolytic activity (Alippi 2001); this was considered confirmation of 
an AFB infection. This method was adapted for the comparison of proteolytic 
activity of P. larvae strains in the laboratory. It was noted that very few isolates 
expressed proteolytic activity, however 4 isolates were shown to exhibit levels of 
proteolytic activity and crucially strain 6993, previously deemed to be non-
pathogenic (Watkins et al. 2003), was shown to express no proteolytic activity. 
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The use of an in-vitro honeybee rearing method showed that isolates expressing 
proteolytic activity on the lab assay, were not responsible for increased larval 
mortality. Conversely, and unexpected, was the greatly increased levels of larval 
mortality produced by strain 6993. This experiment was run on 2 separate 
occasions to confirm the observed result. At this time it was concluded that 
laboratory based proteolytic assays could not be used as a determinant of P. 
larvae virulence. It could not be determined if a correlation existed between 
proteolytic activity and in-vitro virulence, it remained unknown if the laboratory 
assay was an accurate representation of P. larvae proteolytic activity. It was 
believed that whilst laboratory conditions may not result in the expression of all 
proteolytic enzymes, the prior use of a milk agar assay suggested that this was an 
accurate representation. 
 
This experiment did show, that unlike previously stated, strain 6993 was capable 
of being highly virulent within an in-vitro pathogenicity assay. It was concluded 
that this strain should not be considered for use as a biological control strain 
against EFB. It seemed likely that larvae fed with spores belonging to this strain, 
would likely perish in less than 4 days. This experiment did not reveal any 
honeybee larva that survived infection with this strain, so even if this bacterial 
isolate is capable of inhibit EFB infections. The resultant AFB infection negates 
the benefits of avoiding EFB. 
 
It is suggested that symptomatic AFB infections, caused predominantly by ERIC 
type I isolates, involve proteolytic enzymes. The infection caused by ERIC type 
IV strain 6993 did not produce comparable symptoms and lacked the presence of 
proteolytic activity (chapter 4). It seems likely that proteolytic enzymes are 
involved in ERIC type I infections, however the increased levels of larval 
mortality caused by strain 6993, combined with no detectable proteolytic 
activity, imply that proteolytic enzymes are likely responsible for the symptoms 
produced during AFB infections, rather than being essential for host invasion. It 
seems logical that futures studies on the pathogenicity of P. larvae should not 
exclusively focus on proteolytic enzymes. 
 
! ! "#$%&'(!)!!
! *++!
6.2.5. Sporulation likely to be responsible for the in-vitro 
virulence differences observed between strain 6993 and 
ERIC type I 
 
It is widely reported that ERIC type I infections are responsible for the majority 
of AFB outbreaks worldwide (Antunez et al. 2009; Genersch et al. 2006). 
However in-vitro pathogenicity testing within this thesis showed that strain 6993 
(an ERIC type IV isolate) was capable of causing greater larval mortality 
(chapter 4). A more accurate comparison of the differences in in-vitro virulence 
between ERIC types I and IV was planned, it was realised that ERIC type I 
isolates produced a maximum of 200 viable spores ml-1 compared to ERIC type 
IV isolates capable of producing >20,000 viable spores ml-1. The approximate 
spore doses fed to larvae in previous testing were calculated, whilst all doses 
were capable of causing infection (Woodrow and Holst 1942), ERIC type IV 
isolates were fed to larvae in a higher concentration. 
 
It was assumed that this difference in sporulation might be responsible for the 
observed difference in in-vitro virulence. Whilst not possible to accumulate large 
quantities of ERIC type I spores, it was possible to reduce the initial spore dose 
of strain 6993 (ERIC type IV). This reduction in spore dose caused a reduction in 
larval mortality. A replicate plate of this experiment still showed increased levels 
of larval mortality at low spore doses. The larvae for this test were selected from 
a limited section of brood comb, with each plate using larvae from a single side 
of the comb. It was suggested that the differences in larval mortality could be 
explained by the age of the larvae. It was calculated that an approximate 
difference of 12 hours was likely to exist between the 2 sides of the comb. This 
age difference has been shown to affect the spore dose required to cause 
infection. It is therefore proposed that larvae from plate 2 were 12 hours younger 
and as a result the lower spore doses were capable of causing infection. Further 
testing of this hypothesis is required, however this was not possible during the 
time frame of this thesis. 
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It is important to consider the implications of this finding on the previous 
proteolytic study. It has been suggested that P. larvae produces an array of 
proteolytic enzymes at the point of sporulation. As many isolates failed to 
produce large quantities of viable spores in laboratory media, it is likely that the 
proteolytic study was not a true reflect of proteolytic activity displayed by all 
isolates. The result from isolate 6993 still remains however, as it was shown this 
isolate produced large numbers of viable spores, and no proteolytic activity was 
detected. It still seems unlikely that a laboratory based proteolytic assay could be 
used a virulence determinant, however it is important to consider that different 
results may have been obtained should adequate numbers of spores been 
produced. 
 
6.2.6. Genetic basis for the observed differences in 
sporulation 
 
With the cost associated with genome sequencing and computational 
requirements for analysis reducing. It was possible to amplify large amounts of 
genomic data from 4 isolates of P. larvae representing ERIC types I and IV. It 
had been observed that ERIC type I isolates belonged to a phenotype not capable 
of producing viable spores under laboratory conditions (chapter 4). ERIC type IV 
was shown to represent a phenotype capable of producing large numbers of 
spores under laboratory conditions. It was hypothesised that these observed 
phenotypes would be represented by genetic differences within sporulation 
genes. 
 
Sporulation was not well studied in P. larvae but had been adequately 
documented in Bacillus subtilis, a closely related species. It was proposed that 
sporulation genes from B. subtilis would have orthologs within the P. larvae 
genome. BLAST analysis revealed 89 of the 120 sporulation genes had orthologs 
within P. larvae. Further analysis of these sequences showed that 23 partial 
sequences representing 16 genes contained residue substitutions. These 
substitutions represented 2 genotypes, ERIC type 1 and ERIC type IV. The genes 
in which substitutions were shown to exist were linked to the initiation of 
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sporulation and the formation of viable spores, this suggested that these 
mutations were likely responsible for the differences in sporulation observed 
between ERIC type I and ERIC type IV isolates. 
 
It was concluded that these substitutions were likely responsible for the 
phenotypic difference observed, ERIC type I isolates are known to produce 
>200,000 spores in a larval infections, as these have been recovered from AFB 
scales. Therefore it has to be assumed that all ERIC type I isolates possess the 
ability to produce viable spores and the difference was likely due to a deficiency 
found in ERIC type I isolates (as with thiamine deficiency (Heyndrickx et al. 
1996)). This would explain why ERIC type I isolates do not sporulate in 
laboratory conditions. Further analysis of the ERIC type I genomes would likely 
reveal potential deficiencies to be addressed in the production of ERIC type I 
spores. At this time a true study of the differences observed in in-vitro 
pathogenicity could be performed. 
 
6.3. To further understand the intra-species 
differences within P. larvae 
 
This thesis aimed to highlight the differences in existence between strains of 
pathogenic P. larvae and a non-pathogenic biological control strain of P. larvae. 
However upon the implementation of an in-vitro pathogenicity assay, the 
biological control strain was shown to be highly pathogenic. As such there are no 
known non-pathogenic isolates of P. larvae in existence, so it was not possible to 
differentiate between these isolates. However the data collected in this thesis 
does further the knowledge of the differences in existence between isolates of P. 
larvae. How this data can be applied to further studies of P. larvae is discussed 
in the following sections. 
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6.3.1. Do non-pathogenic isolates of P. larvae exist? 
 
This project started in the belief that we held a non-pathogenic isolate within our 
collection (Watkins et al. 2003). This was shown not to be the case, as observed 
by Genersch (2006) this isolate was shown to be highly virulent in-vitro (chapter 
4). It remains unknown if non-pathogenic isolates of P. larvae exist, it might be 
suggested that the notion of non-virulent isolates simply refers to ERIC types III 
and IV. Without further evidence it is suggested that these isolates are considered 
virulent, and are capable of causing high levels of in-vitro virulence or rapid 
acute cell infections within a colony. Not all isolates displayed these 
characteristics, and it would be recommended that in the search for non-virulent 
isolates ERIC types III and IV remain the primary focus. 
 
6.3.2. Exploring the epidemiology of ERIC type II-IV 
isolates 
 
Whilst unlikely that ERIC type II-IV infections are responsible for symptomatic 
AFB infections. The prevalence of the organism amongst colonies is unknown. 
ERIC type II infections have been shown to cause symptomatic AFB infections 
that are not detected by LFD; no symptomatic AFB infections have currently 
been linked to ERIC type III or IV. Due to the production of symptoms and a 
potential colony level infection, ERIC II isolates are more likely to be detected. 
However not all ERIC type II isolates were previously identified as belonging to 
subspecies larvae some were identified as subspecies pulvifaciens it is unknown 
if the same disease progression is exhibited by ERIC type II isolates from both 
subspecies. ERIC types III and IV are believed to produce cell localised acute 
infections within a colony, it is plausible to suggest that many larval deaths per 
annum could be due to ERIC type III and IV infections. 
 
To determine the epidemiology of all 4 ERIC types of P. larvae a large scale 
LFD independent random sampling method would need to be adopted, sampling 
a significant proportion of the total number of colonies. Only after such a study 
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would the true epidemiology of these isolates be understood. The significance of 
isolates belonging to ERIC types II-IV in relation to larval loss could be better 
determined at this point. Only after such a study would it be possible to 
accurately comment on which isolates should be detected by any future detection 
methods. 
 
6.3.3. Completion of a P. larvae genome 
 
Despite the genome of P. larvae being published in 2006, this remains 
unfinished (Qin et al. 2006). A subsequent sequencing project resulted in a better 
primary assembly of the genome (Chan et al. 2011), however this assembly was 
used to study the genetics of P. larvae rather than the creation of a complete 
genome. The primary assembly of strain 6254 produced in this thesis (chapter 5), 
is currently the best primary assembly of the P. larvae genome known to exist. 
Whilst more genetic data would be required to complete the genome of this 
single isolate, it is suggested that with minimal sequence divergence detected 
(chapter 2 and 5) that sequence data is combined to create a scaffold of the P. 
larvae genome. This scaffold will assist in the assembly of future P. larvae 
sequencing projects, acting as a reference. Completion of a P. larvae genome 
will ultimately lead to a better understanding of the organism and any potential 
virulence factors that are yet unknown. 
 
6.3.4. Exploring the differences in pathogenicity existing 
between ERIC type IV isolates 6993 and 6264. 
 
It was shown that the difference observed in in-vitro virulence was likely due to 
differing initial spore doses fed to larvae (chapter 4). This explains the difference 
observed between strains 6254/6678 and 6993, whereby it was shown that upon 
reduction to similar spore doses of 6254, an equal level of larval mortality was 
achieved from strain 6993. Sporulation data showed that strain 6264 was able to 
produce an often greater amount of viable spores than strain 6993, and possessed 
the same residue substitutions as were also found in strain 6993 (chapter 5). 
Comparisons of the in-vitro virulence of these isolates showed that strain 6264, 
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whilst of a similar spore dose to strain 6993, produced similar levels of mortality 
to that of strains 6254 and 6678 with far lower initial spore doses. 
 
It is unknown what is responsible for this difference in in-vitro virulence, but it is 
likely that further data mining of the genome data would reveal potential factors 
responsible for this difference. Whilst it is possible that this strain represents a 
non-pathogenic subset of P. larvae, it would seem more likely at this time that 
the requirements for that strain to express it’s virulent phenotype were not met. 
 
6.3.5. Creation of a virulence specific P. larvae PCR assay 
 
A potential outcome of this project was the creation and validation of a P. larvae 
assay capable of differentiating isolates based upon virulence. It was quickly 
determined that whilst intra-species groupings could be made, it was unknown 
what correlation existed between these groupings and virulence. At present time 
it is recommended that any new assays designed to detect AFB are designed to 
detect all isolates of P. larvae, this may result in the detection of false positives 
(based upon virulence). It seems preferential to detect all isolates of P. larvae, as 
at present time it is still assumed that all isolates possess the ability to cause 
infection. 
 
With increased knowledge of the differences that exist within the species, and in-
vitro testing on a wider range of P. larvae isolates. It may be possible to 
determine the differences that exist between virulent and avirulent isolates, at 
this time an assay could be developed based on these virulence determinants. If a 
further epidemiological studied was carried out on ERIC II-IV isolates and the 
true impact of these isolates was calculated, then it may be possible to conclude 
that previously determined intra-species groupings can be used to identify the P. 
larvae isolates of interest. 
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6.4. Conclusion 
 
It was not possible to identify the differentiation between pathogenic and non-
pathogenic isolates of P. larvae within this project. This was due to the 
previously identified biological control strain (6993), being shown to cause high 
levels of in-vitro larval mortality. Without the availability of a non-pathogenic 
strain it was possible to explore the differences that exist within the species as a 
whole, rather than specific differences existing between pathogenic and non-
pathogenic isolates. 
 
 ERIC type I ERIC type IV 
Previous subspecies label larvae pulvifaciens 
Position on 16S Phylogeny Monophyletic Groups with ERIC types II and III 
Position on MLST Phylogeny Monophyletic Groups with ERIC types II and III 
Detected by LFD No Yes 
Virulent in-vitro No* Yes / No 
Sporulates in laboratory media No Yes 
Table 6.2: An overview of the differences observed between ERIC type I and IV isolates 
within this thesis. *Within this study, previously shown to cause infection (Ashiralieva 
and Genersch 2006; Genersch et al. 2005; Genersch et al. 2006; Yue et al. 2008). 
 
Phenotypic differences were shown to exist between ERIC type I and IV isolates 
(table 6.2), and comparative genomics revealed that this difference in sporulation 
was likely the result of multiple amino acid substitutions. The data presented 
within this thesis aids the study of variability amongst P. larvae isolates and has 
suggested many potential areas of interest to focus further studies. 
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Appendices 
 
Appendix 1. Growth of Paenibacillus larvae 
 
All handling of isolates of P. larvae beyond the point of initial isolation from 
hive material was performed in a laminar flow hood, ensuring a more sterile 
work environment. Disposable culturing tools were used, and a fresh pack 
opened prior to any experimental work. Incubation of P. larvae was at 34°C and 
liquid cultures were incubated on an orbital incubator operating at 170rpm. 
 
Appendix 1.1. P. larvae growth Media 
 
No specific media exists for P. larvae, as a result media was used which was 
developed for closely related species. Within this project many different solid 
media were trialed, most were unable to support the growth of P. larvae (data not 
shown). Two types of solid media were identified as useful for the growth of P. 
larvae isolates (table 7.1). 
 
Table 7.1: Solid media used for culturing P. larvae isolates. 
 
No observable difference was detected between BHI-T or Columbia Horse blood 
agar, under the same growth conditions equal numbers of colonies were 
produced with near identical morphology. It was decided to continue using BHI-
T agar due to the reduced cost and reduced production time. 
 
Several experiments required a larger number of bacterial cells, for these 
experiments it was necessary to utilise liquid media. Two liquid media were 
found to support the growth of P. larvae isolates (Table 7.2). 
 
Media Name Ingredients Additives 
BHI-T Oxoid Brain Heart Infusion media (37g/L) and 5% Oxoid Agar No.1 
Thiamine (final 
conc. 1mg/L) 
Columbia Horse 
Blood Agar 
Oxoid Columbia Blood Base agar (cat# 
CM0331) (39g/L) and 2% NaCl 
5% Laked Horse 
Blood 
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Table 7.2: Liquid media used for growth of P. larvae 
 
 
It was noted that BHI-T broth cultures were capable of producing larger numbers 
of vegetative cells. TMYGP broth cultures produced lesser numbers of 
vegetative cells, but these cells produced more viable endospores after heat 
shocking. BHI-T media was routinely used for the growth of P. larvae in liquid 
media where spores were not expressively required. In instances where spores 
were required, TMYGP was used. 
 
Appendix 2. Storage of Paenibacillus larvae isolates 
 
Bacterial isolates were stored on BHI-T plates at 4°C for a maximum period of 7 
days. Storage beyond this point utilised PROTECT cryopreservation beads 
(LabM, Product Code: D530). This allowed for long term storage of isolates at -
80°C. All LMG reference isolates were cultured and stored using the PROTECT 
system, all subsequent experiments cultured LMG isolates from the frozen beads. 
 
Appendix 3. DNA Extraction 
 
 
All DNA extraction was performed using a Wizard® Genomic DNA Purification 
kit (Promega cat.#A1125). The protocol for purification of DNA from gram-
positive bacteria was followed; only 60µl of 10mg/ml lysozyme was used to lyse 
the bacterial cell walls. Steps to remove RNA from the sample were not required 
so were not undertaken. Once the DNA pellet had been re-suspended in 100µl of 
DNA Rehydration Solution a subsequent 400µl of ddH2O were added due to the 
high concentration of recovered genomic DNA. 
 
 
 
Media 
Name 
Ingredients Additives 
BHI-T Oxoid Brain Heart Infusion media 
(37g/L) 
Thiamine (final conc. 1mg/L) 
TMYGP 1.5% Yeast Extract and 0.1% 
Sodium Pyruvate  
0.4% Glucose and 0.03M Tris-
maleate buffer 
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Appendix 4. DNA Storage 
 
 
All DNA was stored at -20°C to ensure minimal degradation over time. When 
required the DNA extracts were allowed to thaw at room temperature for the 
minimum possible time, to reduce exposure to the increased temperatures. All 
DNA isolates were handled in a semi-clean room after initial extraction. Un-
extracted samples and amplified PCR reactions were excluded from this area to 
maintain low levels of contamination. If DNA extracts were repeatedly needed in 
a short time period, they were stored at 4°C, to avoid degradation due to repeated 
freeze-thaw cycles. 
 
Appendix 5. PCR 
 
 
All PCR was performed using GoTaq® Hot Start Polymerase (Promega, Cat. 
#M5006). 0.3U of Taq was added to PCR reactions. MgCl2 was added at a final 
concentration of 1.5mM unless otherwise stated. A dNTP mix (Qiagen, Cat. 
#201900) was used in all reactions, at a final concentration of 200!M. To avoid 
contamination issues DEPC treated H2O (Invitrogen, Cat. #AM9915G) was used. 
All PCR reactions were performed on the 96 well GeneAmp® PCR system 
(AppliedBiosystems, Cat. #N8050200) or the Veriti® 96 well thermal cycler 
(AppliedBiosystems, Cat. #4375786). The thermal cyclers were regular serviced 
and monitored under a UKAS accreditation scheme; differences in the thermal 
properties of the machines were within acceptable guidelines, allowing the use of 
both systems. 
 
Appendix 6. PCR purification 
 
 
PCR reaction clean-up prior to further analysis was performed using the 
QIAquick PCR purification kit (Qiagen, Cat. #28106), Following the PCR 
purification spin protocol. No modifications were made to this protocol as 
acceptable quantities of purified PCR product were recovered on all attempts. 
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Appendix 7. In-vitro rearing of honeybee larvae 
 
The original method, from which the exposure bioassay was developed, was 
developed from a pesticides testing method in development by a consortium of 
European laboratories, led by INRA. Selwyn Wilkins at FERA made this method 
available for this project. It is believed that this method remains unpublished. 
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2.4.1 Obtaining brood 
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Appendix 8. Development of an exposure bioassay for the 
study of P. larvae infections. 
 
The following sections document the changes made to the method listed above 
 
Appendix 8.1. Selecting larvae of the correct age 
 
The method aims to uniformly control the age of brood on the desired comb; this 
is achieved by confining the queen to a chosen new comb within her colony. 
Combs containing young brood are placed on either side of the chosen comb, to 
encourage the laying of eggs. The queen is left caged on the comb for 30 hours, 
at which point she is released and the comb is examined for freshly laid eggs. 
 
Queens from several colonies were confined to combs in this way, however none 
of them laid eggs. Queens will only lay eggs if all factors meet her standards. 
Lower outside temperature reduces the foraging activity of a hive. A lack of 
foraging reduces the amount of food available to the hive. In addition workers 
prior to the laying of eggs by the queen must clean cells. A lack of stored food or 
available cleaned cells reduces the number of eggs laid by a queen (Free and 
Williams 1974). Several attempts were made at this method, but none of the 
confined queens laid eggs as expected. An alternative approach was needed to 
obtain young brood for grafting. Beekeepers from the National Bee Unit (NBU) 
are able to quickly age the brood on a comb with a simple visual inspection in 
the field. The NBU beekeepers selected an appropriate comb from within a 
colony, unfortunately adding a degree of variability to the experiment. Larvae of 
24-48 hours old are very small and often harder to see than the eggs that they 
emerge from. As a result of this inspection in the field by eye proves very 
difficult and could potentially result in the use of larvae of ±12 hours. This was 
deemed as an acceptable age difference, as further selection of appropriate aged 
larvae can then take place in the laboratory with magnifying equipment. 
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Appendix 8.2. Collection of larvae 
 
The NBU beekeepers chose the appropriate combs from the colonies, which 
were removed from the colony and shaken to return the adult bees to the donor 
colony. The brood comb was placed in a paper potato sack before transporting to 
the laboratory. This maintained a temperature close to the ~34°C maintained 
within a hive (Dunham 1931), thus keeping the brood in a healthy condition 
ready for grafting. It also shelters the vulnerable larvae from wind and rain that 
could be detrimental to their health. Enclosing the comb also helps to maintain 
the high level of humidity required for brood development.  
 
Appendix 8.3. Artificial cell set up 
 
The larvae are reared in sterilised polystyrene grafting cells (Thorne, 
http://www.thorne.co.uk), these are contained within a 48 well tissue culture 
plate (Griener bio-one, Cat.#677102). To maintain a hygienic environment 
Methylbenzethonium Chloride (MBC) (Sigma-Aldrich, Cat.#M7379-10G) is 
used at a 0.4% concentration to soak the grafting cells for at least 30 minutes 
before leaving to dry in a sterile flow hood. In to each well on the plate goes a 
small piece of cotton dental roll; this is then saturated with a 15.5% glycerol 
(Sigma-Aldrich, Cat.#G5516-1L) and 0.4% MBC solution. This set-up ensures 
that each well can be treated as an individual replicate, as there is no cross 
contamination between grafting cells. It is worth noting that the dental roll must 
be kept small to ensure the grafting cells do not come into contact with the lid of 
the plate (Figure 7.1). 
 
 
 
Figure 7.1: Diagram of the artificial cell set up used in this experiment 
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Appendix 8.4. Environmental conditions 
 
The optimum temperature for this process is 34°C, the average temperature 
recorded at the centre of brood chamber in a colony (Dunham 1931). Controlled 
humidity is also required, to achieve this a hermetic acrylic desiccator (Thermo 
Scientific, Cat.#5317-0120) is used. The required humidity is 95%, this can be 
achieved by placing several petri dishes in the bottom drawer of the dessicator 
each containing a saturated solution of potassium sulphate (K2SO4) (Sigma-
Aldrich, Cat.#PO772-250G), which has been experimentally shown to maintain a 
relative humidity of >95% (Rockland 1960).  
 
Appendix 8.5. Longevity of the experiment 
 
The method calls for the use of a special emergence box; this provides different 
conditions that are required towards the later stages of pupation and ultimately 
for the successful emergence of adult bees. To reduce the complexity of this 
experiment, it was decided that this was not required. Experimental data showed 
that the slowest AFB infections take place within ~10 days (Genersch et al. 
2006); emergence normally does not occur until day 22. The end point of this 
experiment was set at 10 days, allowing the usage of just one hermetic chamber. 
 
Plate Number Number of deceased larvae 
1 4 
2 5 
3 7 
4 10 
Table 7.3: Control larval mortality achieved on 4 48 well plates. 
 
With in-house testing of this method ranging from 25-80% control mortality 
(pers com), it was necessary to assess the average mortality rates achieved with 
this experimental set up. The average mortality across the 4 plates were observed 
(Table 7.3) The average larval mortality observed was 13.54%, with the lowest 
mortality rate of 8.33% and highest mortality rate of 20.83%. The rate was below 
rates previously achieved in house, and provided the basal level for the design of 
the experiment. 
! ! "##$%&'($)!!
! *++!
 
Appendix 8.6. Number of larvae per test group 
 
It was determined that a test group of 24 larvae per bacterial isolate would be 
used. Provided that control mortality rates did not increase, this would result in 
the loss of approximately 3 larvae from each group not due to infection. This was 
deemed an acceptable sample size to show the overall mortality rates induced by 
the strains of bacteria. It was likely that control mortality rates would decrease 
with increased experience at performing the experiment. Larval mortality in 
groups infected with a bacterial isolate, would be compared with the associated 
control allowing for calculation of number of deaths attributed to infection. 
 
Appendix 8.7. Grafting 
 
Pre-warmed plates are filled with 20µl of pre-warmed Diet A food (Table 7.4), 
the plates are returned to the desiccator to allow the food to settle to the bottom 
of the cell cup prior to grafting. 
 
Various methods of grafting exist, ranging from the use of paintbrushes to the 
usage of specialist tools. This method favors the use of a special stainless steel 
grafting tool with the occasional use of a Chinese grafting tool (Thorne, 
http://www.thorne.co.uk). Working within a laminar flow hood the comb is 
examined to find an area that contains similar sized brood, these are assumed to 
be of approximately the same age due to the typical laying pattern followed by a 
queen (Camazine 1991). Using the steel-grafting tool, larvae are removed from 
the cells on the comb paying careful attention to the orientation of the larvae. The 
larvae must be placed on the pre-warmed food within the grafting plate in the 
same orientation in which it was removed from the cell on the comb. This avoids 
accidental drowning of the larva in the food. This process is repeated until the 
plate has been filled. The lid is added and the plate is returned to the desiccator 
within the incubator. 
In order to treat each cell as an individual it is important to sterilise the grafting 
tool each time it is used, wiping away excess food before dipping in 100% 
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ethanol and flaming seemed the best method of sterilization that would be the 
least toxic to the next larva. The tool is cooled in double distilled sterile distilled 
water before grafting the next larva. 
 
Appendix 8.8. Larval diet 
 
During the larval stage of life the larvae have differing nutritional requirements, 
with concentrations increasing with the age of the larvae (Table 7.4).  
 
 Diet A Diet B Diet C 
Royal Jelly 50% 50% 50% 
Yeast Extract 1% 1.5% 2% 
Glucose 6% 7.5% 9% 
Fructose 6% 7.5% 9% 
Table 7.4: Shows the final concentrations (% Volume) added to the three required larval 
diets. 
 
The larval diet is prepared from a stock solution, this was filter sterilised using a 
0.2µM pore sized filter. Royal jelly was collected from hives known to be free of 
disease, this was separated into 5 and 10g aliquots and then frozen at -20°C. The 
food was prepared for use each day by defrosting the royal jelly and adding the 
corresponding amount of filtered stock solution to the measured weight of royal 
jelly. The food was pre-warmed to 34°C prior to use. Ensuring the larvae were 
not subjected to rapid temperature changes during the course of the experiment. 
 
Appendix 8.9. Feeding 
 
Day 1 2 3 4 5 6 
Diet A - B C C C 
Volume 
(µ l) 
20 - 20 30 40 50 
Table 7.5: Feeding regime followed during the rearing of larvae 
 
The larvae are fed a varied diet during the first 6 days (table 7.5). Previously 
determined volumes of larval food formed the basic understanding for the 
experiment, however in practice the amount of food pipetted into each cell had to 
be considered on an individual basis. Sterile pipette tips were used to ensure no 
contamination was added to the feed. Larvae were fed until the point at which 
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they would be capped over by worker bees in preparation for the pupation stage. 
Whilst the feeding of different quantities of food adds a degree of variability 
between replicates, no bacterial spores were added to food after the initial feed. 
Adjusting the quantity of food pipetted ensured that were not underfed leading to 
starvation or overfed leading to the drowning of the submerged larva. 
 
Appendix 8.10. Bacterial inoculants  
 
In order to regulate the dose of bacteria given to the infant larvae, the strains 
were all grown up in sporulation media for 5 days. From previous experimental 
work, it had been observed that sporulation occurred readily under these 
conditions. Broths were grown until they reached a uniform optical density (OD 
0.6); at which time the bacterial cells were harvested by centrifugation of a 15ml 
aliquot. The broth supernatant was removed and the cells were re-suspended in 
ddH2O. The resultant cell suspension was then heated for 20 minutes at 80°C to 
remove any vegetative cells. This was then added to larval diet A to be used for 
the initial feed and vortexed before pipetting in to the brood cups. 
 
Appendix 8.11. Examining the larvae 
 
Starting on day three larvae are examined individually using a plate microscope 
(Figure 7.2), this low magnification allows for the visualisation of respiration 
and subtle body movements. If no signs of movement or respiration are detected 
in 15 seconds, the larvae are touched with a sterile steel-grafting tool to see if a 
reflex reaction is present. If no movement was detected, then the larvae were 
considered to be deceased. As with feeding this process starts on day three, but 
unlike feeding this process continues on till the end of the experiment. Deceased 
larvae are given the time of checking as the designated time of death, 
unfortunately without more regular checking or a video imaging system it is not 
possible to give more accurate times of death. 
 
Larvae were not checked more frequently as it is highly likely that increased 
observations would have dramatically increased the number of control 
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mortalities due to increased exposure to lower levels of humidity and lower 
temperatures combined with an increased level of handling using the grafting 
tool to see the desired movement. 
 
 
Figure 7.2: Image showing grafted larvae at approximately day 7. Wells circled with 
black pen contain deceased larvae. 
 
Appendix 8.12. Grafting capacity 
 
Combs were provided by NBU beekeepers at approximately 10:30am, after 
morning inspections had revealed an appropriately aged comb. All equipment 
was prepared in advance ready for the grafting process. The process of grafting 
larvae was very labor intensive, with the completion of a single 48 well plate 
containing 2 experimental groups taking >1.5 hours. The daily quota of 4 plates 
of grafted larvae required 6 hours of delicate work. Beyond this point it was not 
possible to graft subsequent larva without a highly increased degree of human 
error. Due to this increased error and the resulting larval deaths, 4 plates was set 
as the maximum to be grafted in a day. 
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Appendix 8.13. Incubation of grafted larvae 
 
Incubator space did become a limiting factor after several days, the desiccator 
used contained 3 shelves each shelf could hold 4 plates un-stacked or 8 plates 
stacked. It was decided that un-stacked plates were preferable as these were 
unvented 48 well plates, and with the high levels of humidity it was decided that 
the risk of condensation creating a seal around the plates was too great. So to 
avoid the possible suffocation of the larvae it was decided to place 4 plates on 
each shelf. The increased space required by the desiccator within the incubator, 
and the unavailability of another desiccator set the maximum number of plates to 
be incubated as 12 at any time. 
 
Appendix 8.14. Time required for feeding and observing 
larvae 
 
 
Larvae were checked each 24 hours after an initial 48-hour period, these checks 
on the very young larvae were incredibly time consuming. Larvae was examined 
under a low powered microscope and due to the lack of movement at this age, 
they had to be observed for up to 30 seconds to witness them breathing. If after 
this time no signs of life were visible, they had to be gently touched with a clean 
grafting tool and observed for a reaction to this stimulus. This process was very 
time consuming, and especially whilst relatively inexperienced at this process it 
could take over 20 minutes to check each plate of larvae. When the time taken to 
check for larval mortality was combined with the time required for the 
preparation of food and the feeding of larvae, a significant proportion of a day 
had been consumed.  
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